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A great deal of interest has developed recently in the study of

valence isomerization. One example is the thermally induced forma-

tion of a cyclohexadiene from a conjugated triene. Marvell and

Tashiro [118] developed a synthetic scheme particularly suited for

producing trienes possessing the cis-central bond necessary for elec-

trocyclization. During the course of the present work it was found that

a terminal phenyl group greatly magnified the tendency of the inter-

mediates of the synthesis to undergo polymerization. This sensitiv-

ity made essential some modification of the basic scheme. To be

suitable, the synthetic scheme had to fulfill the following require-

ments: (a) it must provide for formation of the central cis double

bond with a high degree of stereoselectiviey, and (b) it must utilize

a reaction proceeding at low temperature in the step which generates

the triene system. The procedure devised by us is of sufficient



generality to allow the synthesis of a wide variety of aryl-1, 3, 5-

trienes (see below).

The preparation and characterization of two trienes was car-

ried out. A kinetic study of the 61T 4Tr + 2c electrocyclic process

gave the following rate data and activation parameters: 1-phenyl-
-4 -1trans -1, cis -3,5 -hexatriene (I), k = 0.3 x 10 sec (125°),

k = 1.6 x 104sec (145°), k = 7.8 x 104sec1 (165°),

AFIT = 28.2 kcal/mole, L1S = -8 eu and log A = 11.1;

- -l chloropheny1)-trans- 1, cis-3, 5-hexatriene (II), k = 0.4x 10 4sec 1

(125°), k = 1.5 x 104sec1 (145°), k = 6.2 x 10-4sec-1 (165°),

= 24.5 kcal/mole, AS* = -18 eu and log A = 9. 0; 1-phenyl-
- 5 -1cis-1, cis-3, 5-hexatriene (III), k = 3.0 x 10 sec (195°)

In each case the conversion of the hexatriene to the 5-aryl-1,

3-cyclohexadiene was found to be highly stereoselective. The kinetic

data indicate that the conjugative effect of the aromatic system does

not exert a major influence on the rate of isomerization. In III the un -'

favorable steric interaction of cis-terminal phenyl group retards the

()Tr. 4Tr + 20 process by ca. 450 fold. A comprehensive review of

substituent effects on the valence isomerization of butadienes, hexa-

trienes, octatetraenes is included.
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THE SYNTHESIS AND VALENCE ISOMERIZATION OF
SOME PARA-SUBSTITUTED 1-PHENYL-1,3,5-HEXATRLENES

INTRODUCTION

The work of Cope, et al. on the equilibrium between cyclo-

octatriene and 2, 4- bicyclo[4. 2. 0]octadiene appears to be the first

well characterized study of the thermal valence isomerization of a

triene to its corresponding cyclohexadiene [25]. This interconver-

sion of a 6Tr and a 4 Tr + 2c bonding system is particularly facile when

the 1, 3, 5- triene unit forms part of a ring system (vide infra).

VI VII

(1)

The suggestion that this interconversion was a general process came

from workers in the field of natural products [60, 92]. Relative to

the observation that thermal and photochemical activation gave rise

to products of differing stereochemistry, Oosterhoff first suggested

the possible importance of orbital symmetry relationships in such

processes [60].

The ring closure of a 1,3,5-hexatriene to a 1,3-cyclohexadiene

is one example of a general reaction type called an electrocyclic
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process. This term was coined to describe the interconversion of a

conjugated polyene and its cyclic isomer formed by bonding between

the terminal carbons. Woodward and Hoffmann in 1965 proposed a

simple theoretical rationale for the stereochemistry of electro-

cyclic reactions [128]. In addition they developed a set of selection

rules to predict the feasibility and sterochemistry of a broad group

of concerted reactions including cycloadditions [64], sigmatropic

shifts [63] and certain elimination reactions. The impact has been

extremely far reaching and, the agreement between experimental

observations and the predictions of Woodward and Hoffmann's elegant

theory has been extremely satisfactory.

These rules (which one must remember are permissive rather

than obligatory) will undoubtedly continue to be of great assistance to

the organic chemist. However, it should be noted that the rules pro-

vide only a limited amount of information about the nature of the

transition state. At the present time it is not possible to state, a

priori how steric and electronic factors will affect the transition

state.

Many publications dealing with electrocyclic reactions which

proceed through an isopolar transition state contain the implicit

statement that these reactions are expected to be insensitive to sub-.

stituent effects (e. g. , see [41, 52, 92, 110]). In line with that assump-

tion, it has been reported that the ring closure rates of VIII and IX
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are of the same order of magnitude [84]. However the rate of XI has

been found to be eleven powers of ten slower than X [86]. For a re-

action proceeding in the reverse direction, a change of similar

magnitude (ca. .6,6G = 11 kcal/mole) was estimated for the rate

ratio of ring opening of cyclobutene and trans-3, 4-diphenylcyclo-

butene [101]. Apparently substituent modification causes only a slight

alteration in the rate of a 6Tr 4Tr + 2cr electrocyclic reaction,

whereas such modifications alter the rate of an 8Tr 6Tr + 2cr process

by a very large factor.

R

VIII R = CH3, R' = CH3

IX R = Ph, R' = CH=CH-Ph

\\:vR

X R = CH3, R' = CH3

XI R = Ph, R' = Ph

The rather striking rate influences noted for the compounds

shown in Equations (2) and (3) led us to initiate a general study of

structure--reactivity relationships for electrocyclic reactions.

(2)

(3)



4

The goal of this portion of the overall program was to probe

the sensitivity to electronic effects of the thermal valence isomeri-

zation of para-substituted 1-pheny1-1, 3, 5-hexatrienes via the

Hammett relationship. Toward this end a general synthetic scheme

for the preparation of pars-substituted 1-phenyl-l-trans, 3-cis, 5-

hexatrienes has been developed. The thermal ring closure of two of

theses has been studied in detail and the activation parameters

ascertained. The mechanistic implications of the work will be dis-

cussed.
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HISTORICAL

Introduction

During the past decade the rapidly increasing interest in

unimolecular thermal reactions has prompted studies which have

made available a wealth of data. The purpose of this review is to

gather together all of the kinetic data relevant to thermal electro-

cyclic reactions. Hopefully this survey of structure-reactivity rela-

tions will reveal some structural details of the transition states in

question. No particular attempt has been made in this survey to

consider electrocyclic processes beyond those of butadienes, hexa-

trienes, octatetraenes and their variously substituted derivatives

(including carbocyclic systems).

4Tr 2Tr + 20 Electron Systems

Introduction

The unimolecular thermal isomerization of cyclobutene to

butadiene is representative of this type of process. This reaction is

postulated to proceed via a cyclic activated complex. Clearly the

product is a planar species, and the carbon atoms of cyclobutene are

very nearly coplanar. The sp 2 carbons of the reactant are also sp 2

hybridized in the product (4). Thus it might be expected that in the
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transition state these atoms would also retain their sp 2 hybridization.

a7//d
b

a

(4)

Assuming the principle of least motion for this isomerization the

four carbons comprising the ring skeleton can be postulated to re-

main coplanar in the transition state. This assumption is in agree-

ment with the "fall-off" curves obtained experimentally for the cyclo-

butene to butadiene isomerization [37, 45].

Certain substituent influences on the rate of ring opening can

be predicted rather readily. There are three substitution positions

a, b and d. As the ring opening proceeds the two d groups are forced

toward one another by an in-plane bond angle enlargement. The C-1,

C-2 bond length increases as the isomerization proceeds, thus re-

ducing this interaction. The overall steric effect on the transition

state must depend on the relative extent of the two opposing processes.

In any case the change in the transition state energy would be expected

to be small. Conrotatory motion at C-3 and C-4 (4) will lead to increasing

steric interactions between the inward rotating groups (a on C-3 and

b on C-4) and carbons C-1 and C-2. The substituents a and b also
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will interact to a significant extent. This steric interaction must

increase to a greater extent the energy of the transition state than

of the ground state and is thus rate retarding.

The nature of the electronic influences of substituents on the

rate may be visualized by considering that the transition state differs

from a true 1, 4-butenyl diradial in that delocalization extends over

all four carbons (4). The delocalization will reduce the magnitude

but need not change the direction of the effect. On this basis groups

d which are capable of stabilizing a radical should be rate enhancing.

The influence of similar substituents at positions a or b should also

be rate enhancing. In the latter positions an effect of greater magni-

tude would be expected since they will be directly connected to the

positions of greatest demand.

In all cases studied, the ring opening of substituted cyclo-

butenes is stereospecific [41]. The sterochemistry of the products

indicates that the isomerization proceeds in a conrotatory manner as

predicted by the Woodward-Hoffmann rules.

Cyclobutene

Cooper and Walters [Z4] were the first to study the kinetics of

the thermal isomerization in detail. They found the reaction to be

homogenous, first-order, and unaffected by the presence of radical
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inhibitors. Their results published in 1958 were fitted by the

Arrhenius expression:

k
1

= 1013. 08 exp( -32, 500 /RT) sec 1

A more recent study of this isomerization [59] carried out over an

extended pressure range gave the expression:

k = 1013.
26 exp(-32, 700/RT) sec 1

1

Solvent Effects

The thermal isomerizations of a number of alkyl substituted

cyclobutenes have been investigated in the gas phase. In all cases

these have been shown to be first-order homogenous reactions with

no radical-chain component. A number of such reactions have also

been studied in the liquid phase [27]. For example, the rate of

isomerization of cis and trans-1, 2, 3, 4-tetramethylcyclobutene in a

number of solvents (toluene, mesitylene, diphenylether, o-

dichlorobenzene, nitrobenzene and quinoline) has been measured [27].

Within experimental error the same rates are obtained irrespective

of solvent. Furthermore the activation parameters for these iso-

merizations were the same, within experimental error, in the gas

and liquid phase.
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Influence of Substituents at the sp 3
s p2 Centers

The effect of substituents at the centers which undergo rehy-

bridization should be particularly useful in characterizing the tran-

sition state. In the reactant these substituents are insulated from

the double bond by a methylene group (4). In the product they are

directly attached to the conjugated system. One could anticipate then

that the nearer the transition state lies to the butadiene moiety the

more important will be their inductive and delocalization effects. If

the transition state energy is significantly altered this of course will

be reflected in the activation parameters.

An examination of the kinetic data for C-3 monoalkylated or

C-3, C-4 dialkylated cyclobutenes (Table 1) reveals several points of

interest. First that the presence of C-3 or C-4 substituents lowers

the energy of activation. Generally the resulting rate enhancements

are small, i. e. , usually within an order of magnitude of that of the

parent compound. Secondly, conrotatory ring opening of allylically

substituted cyclobutenes might be expected to yield a mixture of

isomeric butadienes, however the only observed product is the one

resulting from that rotation which would minimize non-bonded inter-

actions in the transition state (Table 1). Thirdly, disubstitution at

C-3 or disubstitution at both C-3 and C-4 results in an increase inthe

energy of activation (Table 1). The observed rate reduction is
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generally less than two powers of ten.

The isomerization rates of trans- and cis-dimethylcyclobutene

differ by about tenfold. The rates of trans- and cis-tetramethyl-

cyclobutene are separated by a similar factor. This is in accord

with the above observation concerning conrotatory ring opening. For

the cis isomer the two conrotatory paths are equivalent; hence the un-

favorable hydrogen-methyl interactions cannot be avoided.

Me Me

XV

Me H

XVI

The rate influence of an allylic phenyl group is in marked con-

trast to the rather slight effect of an alkyl group. The presence of

single allylic phenyl group (XXIV) has been shown to enhance the rate

by a factor of ca. 103 (Table 1) [101]. An earlier study [40] of cis-_
and trans-1, 2, 3, 4-tetraphenylcyclobutene also demonstrated that

allylic phenyl groups stabilize the transition state for the 27r+ 41T

process. The data in Table 1 show that relative to cyclobutenel XXII

and XXIII show rate enhancements of 9500 and 4000 respectively.

The rate accelerations observed for compounds XXII and XXIII prob-

ably should be taken as lower limits for the effect of an allylic phenyl

because even the trans compound XXIII would be expected to show



significant steric interactions during conrotatory ring opening.

Assuming that the difference in activation energies of com-

pounds XXII and XXIII is due primarily to the increase in steric

hindrance for the cis-isomer then the observed difference of

XXII

11

11 kcal/mole between XII and XXIII or XXXVII and XXIII represents

the lowering of the activation energy due to two allylic phenyl groups.

Comparison of these data with those for 3-phenylcyclobutene XXIV

indicates that phenyl substituents in the 3 or 4 position stabilize the

transition state much more than the ground state. This difference is

of the order of 5-6 kcal/mole.

Doorakian and Freedman have reported kinetic results for the

ring opening reactions of cis-3-bromo-1, 2, 3, 4-tetraphenylcyclo-

butene (5) and more recently for cis-3, 4-dimethyltetraphenylcyclo-

butene (6) [31,32, 40]. The data (Table 1) indicate that the activation

parameters for compounds XXV and cis-1, 2, 3, 4-tetraphenylcyclo-

butene XXIII are very nearly the same. This is in accord with the
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CH3

CH

-. XXVI
3

Vr
Br

CH3
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(5)

(6)

similar steric interactions in their respective transition states. In

agreement with the Woodward-Hoffmann rules, conrotatory ring

opening was the only detectable mode of product formation in each of

the previously discussed reactions.

Quantitative data for allylic substituents other than alkyl or

phenyl are lacking. Estimated rate constants for cis- and trans-

3, 4-dichlorocyclobutene and also cis- and trans-dicarbomethoxy-

cyclobutene indicate the rates of ring opening are comparable to

those observed for corresponding alkyl derivatives [27, 120].

Substituted Benzocyclobutenes

These systems constitute rather special cases since the olefinic

bond of the cyclobutene is part of an aromatic sextet.



13

Benzocyclobutenes bearing phenyl groups alpha to the aromatic ring

isomerize several thousand times faster than other allylically sub-

stituted cyclobutenes. This is somewhat unexpected since the ob-

served 2Tr + 2cr 47r process requires the loss of aromaticity.

The enhanced reactivity of these systems was first noted by

Jensen and Coleman [76]. They suggested the reaction of XXVIII

with maleic anhydride proceeded through the intermediate o-quino-

diphenyldimethane (7).

XXVIII

0

(7)

Huisgen [70] later prepared the cis-diphenylbenzocyclobutene

and trans-diphenylbenzocyclobutene. The kinetics of the Die ls-Alder

reaction of each isomer was followed dilatometrically. The rates

obtained were shown to be independent of the concentration and struc-

ture of the dienophile employed (maleic anhydride, trans-1, 2-

dicyanoethylene and tetracyanoethylene). The trans-1, 2-diphenyl-

benzocyclobutene XXVIII is 70 times more reactive than the cis

isomer XX VII.



kl

XX VII
or

XX VIII

k
2 1:1

dienophile Adduct

14

(8)

The fact that XXVII can be converted to XXVIII in boiling car-

bon tetrachloride [76] implies that it should be possible to obtain

identical Diels-Alder adducts from cis and trans -1, 2- diphenylbenzo-

cyclobutene. However the adducts isolated, in 95-100% yields, are

diastereomeric and are formed stereospecifically. Hence the Diels-

Alder adduct formation (k2) must be much faster than the back reac-

tion (k -1) which would permit interconversion of the cis and trans

isomers.

The preparation of 1, 1, 2- triphenylbenzocyclobutene via oxida-

tion of 1,1,3-tripheny1-2-aminodihydroisoindole was recently re-

ported by Carpino [18].

N-NH2
Ni02

MnO
2

XXIX

(9)
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The benzocyclobutene derivative could be readily isolated at

room temperature. Die ls-Alder reactions of compound (XXIX) were

found to proceed an order of magnitude faster than similar reactions

of trans-1, 2-diphenylcyclobutene. This result is unexpected since

the steric hindrance that presumably retards the conrotatory ring

opening of cis- XXVII by a factor of 70 relative to trans-XXVLII is

also present in the triphenyl derivative XXIX. It would appear that

this unfavorable interaction is outweighed by the additional conjuga-

tive stabilization provided by the third phenyl group.

Summary

The 2Tr + 2cr 4Tr thermal valence isomerization of allylically

substituted cyclobutenes is stereospecific. As predicted by theory

the isomerization proceeds in a conrotatory manner. In the absence

of opposing steric interactions, alkyl groups lower the energy of

activation by 1-2 kcal/mole. This has been attributed to a favorable

inductive effect. The rate enhancements observed for allylically

substituted phenylcyclobutenes indicate that each phenyl group lowers

the energy of activation ca. 6 kcal/mole. Phenyl substituted benzo-

cyclobutenes show even larger rate enhancements.
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Influence of Substituents at the sp2 sp
2 Centers

Table 2 lists the first order rate constants and activation

parameters for some C-1 and C-2 substituted systems. Included

also are the relative rates (cyclobutene as a standard). Inspection

of the data reveals that the presence of alkyl groups on carbons 1 or

2 results in an increase in the energy of activation (XXX-XXXIV).

Conversely, monosubstitution at positions 3 or 4 results in a lower-

ing of the energy of activation (vide supra). These two effects are

about equal in magnitude; hence the activation energies for the iso-

merization of cyclobutene (XII), 1, 3-dimethylcyclobutene (XLIII) and

1, 4-dimethylcyclobutene (L) (Table 3) are approximately the same.

Similarly, the energies of activation for cyclobutene and trans-1, 2,3,

4-tetramethylcyclobutene (XLIV) are about the same.

The data in Table 2 illustrate the increase in the energy of

activation observed for C-1 or C-2 substitution. It has been sug-

gested that this effect may be due to stabilization of the olefinic bond

in cyclobutene. Suprisingly, the data for compounds XXX-XXXV

indicate the nature of the alkyl group causes very little variation in

the energy or action. The experimental data are encompassed by a

value of ,tiG = 33. 3 ± 0.3 kcal/mole.

In 1965 Freedman, et al. [40] reported that both cis and trans-

1, 2,3, 4-tetraphenylcyclobutene underwent thermal ring opening much
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more readily than cyclobutene itself (vide supra). In an attempt to

specify the causes for these rate effects Battiste [9] chose to study

1, 2-diphenylcyclobutene XXXVII. The kinetic data led to the follow-

ing rate expression:

k = 1012.8exp(-34000/RT) sec 1

The frequency factor, log A = 12. 8, is comparatively nor-

mal reflecting a fairly small entropy of activation, which is in line

with the unimolecular character of this reaction. Earlier workers

[27, 51, p. 128] had shown that unimolecular reactions give closely

agreeing results in the gas and liquid phase. Thus the similarity of

the activation parameters of 1, 2-diphenylcyclobutene to those of

cyclobutene is somewhat suprising, particularly when compared with

the data on 1, 2-dimethylcyclobutene (XXXVI) (Table 2). Battiste [9]

has suggested that the observed rate of isomerization results from a

fortuitous balancing of steric and electronic factors.

XXXVII

(10)
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A chlorine atom at C-1 has, within experimental error, the

same influence as a methyl substituent. The qualitative data avail-

able for 1, 2-dicarbomethoxycyclobutene indicate that the half-life

for the ring opening reaction is on the order of 5 hours [120] at ca.

165° whereas that of cyclobutene is ca. 1 hour. Thus the two carbo-

methoxy groups change the rate less than an order of magnitude.

Conclusions

The influence of substituents on the cyclobutene ring opening is

generally in line with the predicted effects. Thus a symmetric tran-

sition state reached via an equivalent rotation about each vinylic

bond, and in a conrotatory manner, is fully satisfactory. Clearly

the magnitude of the rate enhancement produced by a phenyl group

on the sp3 carbon suggests a high degree of radical character and a

need for reasonance stabilization in the transition state. The transi-

tion state is therefore well removed from the cyclobutene structure,

but is probably quite distinct from the product geometry as well. It

is interesting that the sp 2 methyl substituent causes a rate retarda-

tion while an sp3 methyl produces an increase. This suggests the

former is of steric origin, but its explanation is not obvious. Curi-

ously enough the two effects are of almost equal magnitude. The

favorable inductive effect of an sp 3 methyl is also approximately



Table 1. Influence of substituents at the sp 2 sp3 centers on the isomerization of cyclobutene.

Reaction

XII

XIII

XIV

XV

XVI

XVII

-1

Rel. Rate
Temp
(°C)

krate
(sec-1)

Ea

kcal/mole
log
A Ref.

1. 0 150 2. 0 x 104 32.7 13. 3 24

7.0 150 1. 3 x 103 31.6 13.5 44

6. 0 150 1. 2 x 10-3 31.6 13.5 46

1. 0 175 ca. 1 x 103 27
126

1. 0 175 ca. 1 x 10-2 27
126

. 001 150 ca. 2 x 107 39 13

(Continued)



Table 1. Continued.

Reaction

XVIII

XIX

XX

XXI

Cl
Cl

Cl
Cl

CO2Me CO2Mee

CO2Me

CO2Me/

CO
CO2Me

2
Me

CO2Me
CO2Me

Rel. Rate
Temp
(°C)

krate Ea log
(sec-1) kcal/mole A Ref.

0.2 165 2.8 x 104 27

ca. 20 165 3 x 103 27

ca. 30 120 ca. 2 x 103 120

170 120

(Continued)



Table 1. Continued.

Reaction Rel. Rate

XXII

XXIII

XXIV

XXV

XXVI

-?°

Br

9500

4000

900

4000

Temp
(°C)

krate
(sec-1)

Ea

kcal/mole
log
A Ref.

24 5. 0 x 105 21.0 11. 1 40

50 2. 5 x 104

24 2. 5 x 106 25.0 12.8 40

50 8. 0 x 10 -5

81 2. 8 x 10-4 26 101

-- 25 33

26 1. 9 x 105 24.1 31

55 7. 4 x 104 32

(Continued)



Table 1. Continued.

Reaction
Temp krate Ea

AS T

Rel. Rate (°C) (sec-1) kcal/mole (e.u.) Ref.

XXVII

XXVII

XXIX

2 x 103

1. 4 x 105

1. 4 x 106 ca....._

50

50

22

3. 7 x 10-5

2. 6 x 103

ca. 2. 6 x 102

25. 2

20. 6

0

-7

-

70

70

18



Table 2. Influence of substituents at the sp2 sp 2 centers on the rate of cyclobutene isomerization.

Reaction
Temp krate Ea log

Rel. Rate (°C) (sec-1) kcal/mole A Ref.

XII

XXX

XXXI

XXXII

XXXIII

XXXIV

XXXV

1.0 150 2. 0 x 10-4 32.7 13.3 24

0. 2 150 6. 0 x 105 35. 1 13.8 42

0. 2 150 5. 0 x 10-5 34.8 13.5 46

0.3 150 6. 2 x 105 34. 6 13. 5 30

0.3 150 6. 6 x 105 34.2 13.5 30

0.2 150 4. 6 x 105 34.6 13.6 30

1. 0 152 8. 8 x 10-5 34. 1 13. 5 30

(Continued)



Table 2. Continued.

Reaction
Temp krate Ea log

Rel. Rate (°C) (sec-.1) kcal/mole A Ref.

XXX VI

XXXVII

Cl
XXXVIII

XXXIX

XL

XLI

Me0 2C

CF

CF

Cl

Me02,,7%

Me02C'''

CF F..L/. F2

6

CF F2

I
F6

. 09

1. 0

0.3

2. 5 x 107

2. 0 x 10-7

150

155

165

165

150

150

1. 6 x 10-5

2. 7 x 104

6. 0 x 105

Diels -Alder
adduct

5. 0 x 10 -11

4. 0 x 10-11

36.0

32.0

33.6

46.0

47. 1

13.8

12.8

13.3

13.6

14. 2

43

9

48

120

22

112



Table 3. Effect of multiple alkyl substitution on the rate of cyclobutene isomerization.

Reaction
Temp krate Ea log

Rel. Rate (°C) (sec-1) kcal /mole A Ref.

XLII

XLLII

XLIV

XLV

XLVI

XLVII

Sri

it

1. 0 150 2 x 104 32.7 13. 3 42

2. 0 153 5. 1 x 104 33. 0 50

1.0 150 3. 0 x 104 33.6 13.8 14

O. 06 150 1. 3 x 105 37. 5 14. 2 14

O. 8 163 2. 6 x 104 34. 1 27

0. 009 185 4. 5 x 10-5 37.8 27

(Continued)



Table 3. Continued.

Reaction

XLVIII

XLIX

L

LI

LI'

LIII

LIII

4`.

Rel. Rate
Temp
(°C)

0. 08 150

0. 04 150

1. 0 149

O. 8 159

O. 9 155

O. 4 160

O. 8 160

1.

8.

1.

4.

6.

2.

5.

krate
(sec-1)

Ea

kcal/mole
log
A Ref.

6 x 105 36. 1 13. 9 49

0 x 10-6 37.0 13.9 49

6 x 104 33.4 13.7 50

7 x 10-5 36. 1 49

3 x 105 34.7 - 47

4 x 105 35.9 47

2 x 105 35. 2 47
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balanced by the steric retardation of an inward rotating methyl. As

expected the powerful resonance effect of an sp3 phenyl is larger

than the steric influence of that group as it rotates inward even

though its size must be larger than that of the methyl group.

Special Cases

Ring Fused Cyclobutenes

A considerable amount of research has been directed toward

explofing the validity and extent of the Woodward-Hoffmann postu-

lates. Thus far, within the limitations of the hypotheses, no con-

trary examples have been observed. Hence it is of some importance

to evaluate quantitatively the energy difference between the symmetry

allowed and non-allowed processes.

Calculations have been made based on thermochemical data and

the assumption that the transition state for the isomerization occurs

at the same place along the reaction coordinate for both cyclobutene

and larger ring compounds. The resulting calculated energy differ-

ence between the conrotatory and disrotatory modes is 10-12 kcal/

mole [81,83].

Table 4. lists the available data for some fused ring cyclobu-

tenes. The steric constraint present in these systems will not per-

mit ring opening to occur via the predicted conrotatory mode.
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The question arises then as to whether these reactions consti-

tute counter examples or whether a change in mechanism occurs.

Several groups of workers have sought to obtain an experimental

measure of the energy requirements for a reaction proceeding via the

symmetry forbidden pathway. The approach of Willcott [125] and

Brauman [15] was to compare the kinetic parameters of bicyclic sys-

tems containing cyclobutene with those of cyclobutene itself. The

data of Willcott on bicyclo[3.2. O]heptadiene (LVII) yielded an

(CH2)n

LV n= 1
LVI n = 3
LVIII n = 4

LVII

A

(CH2)n (11)

(12)

estimate of ALIG = 13 kcal/mole (Table 4). Brauman suggested a

value of ca. 15 kcal/mole based on an estimate of ground- and

transition-state strain energies for compounds LV, LVI and LVIII.

For compounds LV-LIX (Table 4) there is' only one product possible

for the thermal isomerization, hence the energy difference of 13-15

kcal/mole may be that between an allowed-concerted process and a

stepwise process.
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Doorakian and Freedman [31, 32] chose to study a system

where the steric interactions for all possible ring opening pathways

would be expected to be very similar.

ki

f-- CH3

LXV, R = CH3

LXVI, R = CD
3

1

H3

(13)

From the available kinetic data for the above system (Table 5) and

the absence of detectable amounts of the isomer which would result

via a disrotatory process they concluded that the conrotatory mode of

cyclobutene ring opening was favored by more than 7.3 kcal/mole.

Huisgen [68] recently reported a detailed kinetic study of the

isomeric 2,4,6,8-decatetraenes MX, MXI, MXII (Table 8). The kinet-

ic data and activation parameters for MX and MXI and their respec-

tive cyclic isomers (14a, 14b) make possible an experimental estimate

of the energy barrier between the conrotatory and disrotatory reac-

tion modes.



Table 4. Isomerization of some ring fused cyclobutenes.

Reaction

LIV

LV

LVI

LVII

LVIII

LIX

LI

Rel. Rate
Temp
(°C)

1. 0 150

1.O x 104 150

2. 5 x 106 150

1. 5 x 103 150

3 x 104 150

krate Ea log
(sec") kcal/mole A Ref.

2. 0 x 104

2.0

5. 1 x 10-10

3. 2 x 107

6. 0 x 10-8

32.7

26.8

45. 5

39.5

43.2

42.3

13. 3

14.2

14. 3

14.0

14.2

59

15

15

125

15

27

(Continued)



Table 4. Continued.

Reaction
Temp krate Ea log

Rel. Rate (° C) (sec-1) kcal/mole A Ref.

LX

LXI

LXII

1 x 105 46. 8

74.8

6. 9 x 10-5

1. 7 x 103
89

360 77
Pyrolysis

1 x 107 0 8. 2 x 104 13.7 - 122
ti = 14 min.
-i



CH CH
3 \/ 3Con

// CH
/A\

CH3

MX MXIII
midis.

CH CH3 CH3

CH3

CH3

MXI MXIV

H3 CH3

32

(14a)

(14b)

Huisgen and Dahmen demonstrated that above 145° a detectable

amount of the cyclic isomer that would arise from disrotatory ring

closure of MXwas formed. In the range 145°-205° the percentage of

cis-dimethylcyclooctatriene increases with increasing temperature.

These data when combined with the kinetic data for the allowed-

conrotatory process led to an average value of AAG* = 11.3

kcal/mole [28]. This value remains remarkably constant over the

temperature range studied. Alternate modes of reaction (radical or

excited state processes) for obtaining MXIV from MX were excluded

on the basis of their calculated energy requirements.. This value of

11.3 kcal/mole represents the first experimental measurement of the

energy barrier separating the symmetry permitted and symmetry



forbidden reaction modes.

Special Cases

Pe rfluorocyclobutenes

33

The hexafluorocyclobutene (LXIII) [1, 112] and decafluoro-1, 2-

dimethylcyclobutene LXIV [22] isomerizations have been studied in

detail and compared with the corresponding hydrocarbons. The

kinetic data and thermodynamic parameters indicate that the equi-

librium between cyclobutene and 1, 3-butadiene has been almost quan-

titatively reversed by complete fluorination. Schlag and Peatman [1,

112] found that the ring opening reaction (k1) possesses an acti-

vation energy of 47. 0 kcal/mole. The energy of activation for the

ring closure process (k-1) was found to be 35.3 kcal/mole. For

these perfluoro compounds the AS values for ring opening and

closing are 3. 0 eu and 6. 6 eu respectively. The authors offered

some explanations of this apparently general phenomen; however

more experimental data are needed before one can come to an un-

equivocal conclusion as to the origin of this effect.

F6 F6
J. .1,

F6, (15)



34

Chesick's data [22] .on the equilibrium between decafluoro-1,

2-dimethylcyclobutene and decafluoro-2, 3-dimethy1-1, 3-butadiene

also show that the equilibrium favors the cyclic isomer. The en-

thalpy of reaction was found to be 0. 4 kcal/mole. This is in contrast

to the value of 11.7 kcal/mole for hexafluorocyclobutene (15). This

marked change in a direction that indicates a stabilizing influence of

the trifluoro-methyl groups on the cyclobutene double bond (relative

to the effect of fluorine) suggests that the effect of fluorine substitu-

tion is largely a combination of conjugative and inductive effects

which tend to destabilize the olefinic bond.

Butadiene Cyclization Reactions

Detailed information on the activation parameters for the ther-

mal electrocyclic ring closure of dienes to cyclobutenes is rare in

comparison to that of the kinetically favored reverse reaction. How-

ever the previously mentioned perfluorocyclobutene systems have

been well characterized. The kinetic data and activation parameters

for these and limited number of other compounds which have been

studied are shown in Table 5.

Ring closure rate data have been obtained from a study of the

thermal equilibration of trans, trans-2, 3, 4, 5- tetraphenyl -2. 4-

hexadiene [32]. In solution at temperatures in the range of 100-124°



35

both trans, trans-LXV and cis, cis-LXV are reversibly equilibrated

to the complete exclusion of other products. A similar reversible

equilibrium was observed between cis, trans-LXVI and trans, cis-

LXVI. The most plausible explanation for these equilibria is that

each is the result of electrocyclic processes occurring through

the cyclobutene intermediate which results from conrotatory ring

opening and ring closure as shown in Equations (16) and (17). The

trans, trans-LXV

cH 3

cis, trans - LXVI

(S) I CH3

CH3

cis, cis-LXV

( 16)

trans, cis -LXVI

kinetic data are listed in Table 5. The first-order rate constants,

obtained by nmr techniques, indicate that the ring closure rates for

trans, trans-LXV and cis, trans-LXVI are not greatly different.



36

A similar equilibrium has been reported by Dale and

Kristiansen [29] for the cis, cis- and trans, trans-1, 2-dibenzyli-

denecycloalkanes. There were no detectable amounts of cis, trans-

1, 2-dibenzylidenecycloalkane present. This stereospecificity sug-

gests the presence of a four membered ring intermediate.

H2)
H

n= 3,4,5

(CH2)n

2

H

H

n = 4, 5

(18)

Freedmann [33] has reported the kinetic results for the ring

closure of trans-l-bromo- cis -1, 2, 3, 4-tetraphenylbutadiene.

Br 0
Br H

LXVII XXV

(19)

The cis -1, 2,3, 4- tetraphenyl- 3- bromocyclobutene is the only observ-

able product of the solvent independent electrocyclic reaction. The

kinetic data are listed in Table 5. The value for the enthalpy of
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activation for ring closure is the lowest yet reported for such an

electrocyclic process. The author suggested that the non-bonded

interactions of the bulky diene facilitate this ring closure.

The enhancement noted for the bromo derivative LXVII relative

to LXV and LXVI is consistent with the suggested effect of fluorine

substitution on an olefinic bond (vide supra).

The thermal isomerization of cis, trans-1, 3-cyclooctadiene to

bicyclo[4. 2. 0]octene-7 and the similar conversion of cis, trans-1,

3-cyclononadiene to bicyclo[5. 2. 0]octene-8 are examples of a buta-

diene ring closure where the bonds which undergo reaction are con-

tained in the same carbocycle [114]. The isomerization of LXX

occurs at 80° and that of LXXI at 175°. No estimate of rates is given

but the only detectable products are those which possess the stero-

chemistry predicted by the Woodward-Hoffmann rules (20) and (21).

Chapman [6] (Equation 22) and Quinkert [106] (Equation 23)

studied compounds that undergo thermal 4ir 21rr + 2o- electrocyclic

processes ca. 1028 times faster than LXVI. In each case the

electron system was photochemically generated. The subsequent

thermal electrocyclization was followed spectroscopically. The

causes for these extraordinary rate enhancements (Table 5) are not

well understood.



LXX

LXXI

LXIX

LX VIII

80°

1750

N

-1200

38

(20)

(21)

(22)

(23)



Table 5. thr --.- 2ir + 20 electrocyclizations.

Reaction

LXIII F6

CF_
,3

F2
../:'

LXIV
CF r

3 2

LXV

LXVI

Rel.
Temp

Rate (°C)

krate
(sec-1)

Ea

kcal/mole

200 4.9 x 105 35.4

200 3.0 x 105 36. 6

3.0 125 6.7 x 105 25.3

1.0 125 2.3 x 105 29.2

-120 6.2 x 10'32

AS T

(e.u.) Ref.

-- 112

22

-14.5 32

-6. 5 32

(Continued)



Table 5. Continued.

Reaction

LX VII

LXVIII

LXIX

LXX

LXXI

r

Temp krate Ea
ASS

Rel. Rate (°C) (sec") kcal/mole (e.u.) Ref.

50 34 8. 6 x 105 19 -15.6 33

55 6. 0 x 104

1 x 1028 -120 ca. 6 x 104
hr

2

1 x 1026 -95 ca. 4 x 104
t1 a hr

2

106

66

80 Total 114
conversion

175 Equib.
mixt.

114



6Tr 4Tr + 2o- Electron Systems

Introduction

41

The cis-hexatriene-cyclohexadiene interconversion is repre-

sentative of this type of electrocyclic transformation. Results of

studies of the ring closure of conjugated trienes have firmly estab-

lished the unimolecular, ion-free, radical-free character of these

transformations. One area of current intense investigation is the

relationship between molecular structure and rate of reaction for

these valence isomerization processes.

The thermal isomerization of simple acyclic hexatrienes fol-

lows the predicted disrotatory pathway even though steric interac-

tions between the incoming groups must be quite large. This must be

particularly true in the well known conversion of precalciferol

(CMIV) into isopyrocalciferol (CMV) and pyrocalciferol (CMVI). The

stereochemistry at the 9 and 10 carbons of the products has been

clearly established [19]. It was in connection with this interconver-

sion that Oosterhoff first put forward the suggestion that orbital sym-

metry relationships play a major role in determining the course of

the stereochemical phenomena attendant upon triene cyclization [60,

128]. It appears that stereoelectronic considerations outweigh steric

considerations and indeed cis ring closure is preferred.



HO

HO

CMIV

CMV CMVI
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(24)

For cis-hexatriene it can be predicted that conformation (a)

will be preferred (25). Conformations (b) and (c) would be expected

to show increasing amounts of unfavorable steric interaction.

(b)

1

(a)

(c)

(25)
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However the presence of conformers (b) and (c) is unnecessary for

electrocyclization since during ring closure the terminal carbons

must twist and undergo re-hybridization to form the new sigma bond.

One can postulate that contrary to Steiner's suggestion [79] the tran-

sition state possesses four coplanar atoms (25) with the terminal

carbons rotating in a cis fashion above this plane and simultaneously

twisting towards each in order to maximize p orbital overlap.

In the transition state for this reaction substituents on any of

the four nonequivalent positions (a, b, c or d) in the molecule can

alter its energy. Substituents c and d should show similar

a b

d c

a./\b

(26)

behavior, and it may be predicted that the rate influences would be

mainly due to resonance effects. These delocalization effects will be

important to the extent that the transition state resembles an ionic or

radical intermediate. Substituents a and b likewise can par-.

ticipate through resonance but the role of internal substituents a
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would be expected to be primarily steric in origin.

Acyclic Systems

A number of investigators [38, 97, 127] working on the synthesis

and reactions of open chain trienes had noted that the use of elevated

temperatures resulted in the contamination of the open chain triene

with varying amounts of cyclic isomers. The workers suggested that

the cyclic isomer was formed by an internal Die ls-Alder reaction.

CMVII

R3 R1

> <g2 A
CMVIII

CMVIII a) R1= CH3, R2 = H, R3 = H

CMVIII b) R1 = H, R2 = CH3, R3 = T-T,.-

CMVIII c) R1 = H, R2 = H, R3 = CH3

(27)

(28)
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CMIX a) R1 = H, R2 = CH3, R3 = H, R5 = CH3, R6 = H

CMIX b) R1 = H, R2 = H, R3 = CH3, R5 = CH3, R6 = H

CMIX c) R1 = CH3, R2 = H, R3 = H, R5 = H, R6 = CH3

Spangler [115, 116], using the synthetic scheme of Hwa [72, 73]

demonstrated that conjugated trienes possessing a cis-central bond

are less stable than the corresponding trans isomer by a minimum

of 0.73 kcal/mole. He suggested that only the cis-isomer undergoes

cyclization, but that the trans and cis-isomers readily interconvert

at elevated temperatures.

One of the initial efforts to evaluate quantitatively the energy

requirements of this cyclization reaction was made by Lewis and

Steiner [79]. Their kinetic data over a wide range of temperature

and pressure led to the Arrhenius expression

k = 1011.86 exp(-29) 900 ± 500/RT), which corresponds to a half life

of 54 minutes at 150°.

Influence of Substituents at sp2 sp 3 Centers

The C-1 and C-6 terminal carbons of an open chain triene
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change from a state of sp2 to sp 3 hybridization upon formation of the

cyclic isomer. The available kinetic data on acyclic trienes

alkylated in the C-1 or C-6 position indicate that rate enhancement

due to favorable inductive effects is negligible, but that rate retarda-

tion due to steric effects is significant.

The above generalization is aptly illustrated by the work of

Marvell and coworkers for two different sets of trienes. Marvell,

Cap le and Schatz [84] prepared and characterized the isomeric 2,4, 6-

octatrienes VIII, LXXIII and M. The activation parameters and rate

M

(30)

(31)

(32)

data for isomers VIII and LXXIII are listed in Table 6. These data

indicate that relative to cis-hexatriene a trans-terminal methyl gives

no detectable rate enhancement whereas a cis-terminal methyl re-

tards the reaction by about two powers of ten. Cyclization of the all



47

cis-2, 4, 6-octatriene (M) does not occur since conversion to LXXIII

is more rapid than is direct cyclization. The data in Table 6 for

LXXIII are corrected for the equilibrium between LXXIII and M. It

should be noted that product formation is in accord with the

Woodward-Hoffmann rules; the cyclization reactions are completely

stereospecific within the limits of experimental measurement. Also

Polston and Marvell prepared and obtained the activation parameters

for 1 -(A 1 - cyclohexeny1)-cis -1, 3-butadiene LXXIV, (1-(01 -

cycloh.exenyl-cis-1, trans-3-pentadiene LXXV, and 1-(A1-

cyclohexenyl-cis-1, cis-3-pentadiene LXXVI. The kinetic data for

these compounds are listed in Table 6. If the rate constant for the

LXXIV

LXXV

LXXVI

CH(3

(33)

(34)

(35)

isomerization of LXXIV is used as a reference, one again observes

that the effect of a trans-terminal methyl is negligible and that the



corresponding cis-methyl retards the rate by about two powers of

ten.

LXXVII

48

(36)

Egger [35] recently reported the kinetic data for the thermal

valence isom.erization of 2, 6-dimethy1-1, cis-3, 5-heptatriene

(LXXVII) in the temperature range of 150. 4° to 231.1°. The 2, 6-

dimethy1-1, trans-3, 5-heptatriene is stable at these temperatures.

The data led to the rate expression, k = 1010.5 exp(-31810/RT) sec1.

Comparison of these data with the rate constants obtained for LXXIV,

LXXV and LXXVI again indicates that the effect of a trans-terminal

methyl is small, but a cis-terminal methyl retards the rate by

ca. 102.

The qualitative data of Pippin [99] indicate that rate constant

for the cyclization of cis-1, 2-bis (A1-cyclohexeny1)-ethylene at 180°

is within an order of magnitude of that for compounds VIII, LXXIV

and LXXV.
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180°

LXXVIII t
1 2

= 10-20 min
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(37)

Thus it appears that non-polar hydrocarbon substituents at the

terminal carbons, i. e., those that undergo a change of hybridization

from sp 2 to sp3, display only minor influences on rates through

electronic effects. On the other hand, cis hydrocarbon substituents

create steric interactions that significantly retard the rate of ring

closure.

Cyclic 6ir 4Tr + 2cr Systems

These constitute somewhat special cases because questions of

conformation and ring strain of the carbocycle become important.

Generally the valence isomerization rates of these systems are sev-

eral powers of ten greater than those of the corresponding acyclic

trienes. The available data for various carbocyclic systems contain-

ing the triene moiety are listed in Table 6. The products of the
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thermal valence isomerization in each case are in accord with the

predicted disrotatory electrocyclic ring closure.

The work of Cope [25] provided the first unequivocal example of

valence tautomerism in an unsaturated ring system. The equilibrium

between all cis -1,3,5-cyclooctatriene and bicyclo[4. 2. O]octa-2,4-

diene (38) is mobile at temperatures above 60°. At room tempera-

ture each isomer can be isolated and characterized.

VI

v (38)

The fact that cyclooctatriene and its ring substituted deriva-

tives do not form Die ls-Alder adducts makes possible a convenient

method of estimating the rate constant of the forward reaction (k 1).

R
8

k
1

R ' k-1
7

R6

kD
_

dienophile
R7

1:1

adduct (39)

Under appropriate conditions the rate of Die ls-Alder adduct forma-

tion of the bicyclo[4. 2. 0]octadiene becomes independent of the

dienophile concentration and is in fact a measure of the rate of
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valence isomerization [66, 70, 123]. Using this method [6, 123, 54, 55,

71] it has been shown that cyclooctatriene isomerizes ca. 104 times

more rapidly than cis-hexatriene.

Considerable study has been made of the effects of substituents

on the valence isomerization of carbocyclic trienes. Unfortunately

the influence of C-1 and C-6 substituents on the rate has not been

determined. This lack of information is due principally to the fact

that substituents at the bridgehead positions raise the energy of the

bicyclic isomer and thus shift the equilibrium so that only the mono-

cyclic triene can be observed.

Table 6 lists the data for substituents in the nonconjugated C-7

and C-8 positions. The influence of these substituents both on the

equilibrium and the rate k1 is astonishingly large. For example,

study of compounds MI, MII and CM by nmr spectroscopy showed no

trace of the monocyclic isomer.

MI

OAc

OAc

MII

OCH
3

OCH
3

CM

The rate enhancement observed for the valence isomerization

of all-cis-1, 3, 5-cyclooctatriene can best be understood in terms
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of a proximity effect. The carbon skeleton of the ring helps to bring

the terminal carbons relatively near one another. A second factor

of far greater importance will be the destabilization of the ground

state relative to the transition state for ring closure. A comparison

of the ultraviolet spectral data for the cyclic and acyclic trienes

gives some indication of the overlap problem present in the cyclic

trienes (Table 7). The most striking example of this is the triene

LXXXI encountered by Corey [26] during the synthesis of dihydro-

costun.olide. Models indicate that the geometry of LXXXI does not per-

mit extensive pi conjugation. The half life for the conversion LXXXI

MITI LXXXI MIV

to MIV is ca. 1 hr. at 5°. Relative to cis-hexatriene this corres-

ponds to a rate enhancement ca. 1010.

Influence of Substituents on sp 2 sp 2 Centers

One might anticipate that the rate influences of alkyl groups or

saturated ring residues in the C-2 or C-3 positions would be exerted

primarily through electronic effects rather than steric effects.
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The previously discussed data of Polston and Marvell [100]

indicate that relative to cis-hexatriene itself, the presence of C-2

hydrocarbon substituent results in only a minor rate enhancement.

Similarly the data of Eggers [35] after a correction is made for cis

terminal methyl group indicate that the influence of a C-2 methyl

group is very nearly negligible.

In contrast to the above results, Prinzbach [102, 103, 104] has

found that trienes possessing polar substituents at the non-terminal

carbons show very striking rate enhancements. Relative to

hv A

LXXIX R1 = COOMe t1 = 38 min (75°)

R2 = H

LXXX R1 = R2 = COOMe t1 = 10 min (20°)

(4 1 )

cis-hexatriene, compounds LXXIX and LXXX display rate enhance-

ments of ca. 103 and ca. 106 respectively. The author suggested

that these enhancements were due to the activation of the double

bonds through the electronic effects of the polar substituents and the

absence of major opposing steric effects. Contrary to a suggestion
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of earlier workers [38, 87, 127] the data for compounds LXXIX and

LXXX indicate that this type of reaction cannot be treated as an in-

ternal Die ls-Alder reaction, i. e. , the effect of the second carbo-

methoxyl group is the converse of that expected for an intermolecu-

lar Die ls-Alder reaction.

Quinkert [106] and more recently Dale and Kristiansen [29] re-

ported the data for two unique examples of 6Tr 4Tr + 2cr transforma-

tions. Dale also noted that replacing the phenyl groups of MVIa with

LX VIII

MVIa

0°

300° 1, 5 H

(42a)

(42b)

13-napthyl groups (MVIb) allows the analogous reaction to proceed at

170°. The complex examples of Equations (42a) and (42b) are not

directly comparable to the data discussed earlier but the fact that a

difference in reaction temperature of 300° is required is striking.



Table 6. 671..- 47r + 2cr electrocyclizations.

Reaction

LXX II

VIII

LXXIII

LXXIV

LXXV

LXX VI

LXXVII

_1-

Rel. Rate
Temp
(°C)

krate
(sec-1)

A1-1

kcal/mole
AS
(e.u.) Ref.

1. 0 132 5. 1 x 105 29. 3 -5 79

1. 0 132 4. 5 x 105 28.6 -7 84

0.01 178 2. 2 x 105 33 5 84

ca. 3. 0 132 1. 3 x 10-4
*

29 6 100

*
ca. 3. 0 132 1. 3 x 10-4 29 -1 100

0. 02 174 2. 6 x 105 34 -1 100

0. 14 150 6. 9 x 10- 6
32 -13. 8 35

t.nReported as an energy of activation (Ea) (Continued)



Table 6. Continued.

Reaction
Temp krate

Rel. Rate (°C) (sec-1) kcal/mole (e.u.) Ref.

LXXVIII

LXXIX

LXXX

LXXXI

VI

COOEt

COOEt

COOEt

COOEt

COOEt

COOEt

0.5 180 ca. 5 x 10-4
t1 hr

99

2 x 103

2x 106

75

18

-3. 0 x 10 4

ti = 38 min

3. 0 x 104
= 24 min

103

102
104

1 x 1010 5 ca. 1 x 10-2 26
tl = 1 hr

2x 104 20 5. 3 x 107 26. 6 -1 66

125 9. 0 x 102 24.7 -2 55

(Continued)



Table 6. Continued.

Reaction

LXXXII

LXXXIII

LXXXIV

LXXXV

LXXXVI

Rel. Rate
Temp
(°C)

krate
(sec")

AEI
kcal/mole

AS
(e.u.) Ref.

7 x 103 20 1. 9 x 107 24.6 -5 66

100 2.2 x 103

7 x 102 20 1. 7 x 108 28.0 1 66

105 6. 9 x 104

2 x 103 60 7. 6 x 105 25.0 -3 69

80 5. 4 x 10 4

1 x 106 20 2. 3 x 105 22. 7 -2 66

2 x 105 20 6. 0 x 10-6 22.2 7 66

(Continued)



Table 6. Continued.

Reaction

LXXXVII

LXXXVIII

LXXXIX

CM

CMI

Rel. Rate
Temp
(°C)

krate
(sec-1)

AI-IT
kcal/mole

AS
(e.u.) Ref.

3 x 105 20 8. 1 x 10-6 24.6 +2 66

2 x 105 20 3. 3 x 106 24. 7 +1 66

5x 107 20 1. 0 x 103 66

5 x 106 20 1. 5 x 104 66

1 x 105 50 1. 6 x 104 23 -4. 7 121

25 7. 6 x 10 6
54

(Continued)



Table 6. Continued.

Reaction
Temp krate

AS
Rel. Rate (°C) (sec-1) kcal/mole (e.u.) Ref.

CMII

CMIII

> 4 x 104 46. 8

74. 8

> x 10-5

> 2 x 10-3

89

360 77
Pyrolysis



Table 7. Ultraviolet Xmax for some trienes.
Compound mµmax Ref Compound

C
245 27000
255 35000 [79]
265 27200

255 33000
267 41000 [84]
277 30000

257 32000
265 38600 [84]
276 29200

255 15200
265 22400 [100]
276 18700

250 16700
269 22200 [100]
287 18700

270 17100 [100]

258 32600
268 35000 [84]
277 25200

mXmax p. E Ref

290 2050 [121]

296 4010 [55]

265 3600 [25]
255 1190

271 4880 [108]

211 16800 [26]
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Orbital symmetry considerations predict that for a system

containing 4n (n = 1, 2,3... ) pi electrons, ring closure will oc-

cur in a conrotatory mode. The thermal valence isomerization of

octatetraene is a representative example of a 4n 7r-electron sys-

tem (n = 2) undergoing an 87r -- 67r + 2o- transformation. The

results of the few detailed and well characterized studies of C-1 and

C-8 substituted octatetraenes confirm that the electrocyclic reaction

does indeed occur in a conrotatory manner (vide infra).

Experimental Results

The cyclization of cis, cis-1, 3, 5, 7-octatetraene was recog-

nized to occur quickly at room temperature to give cyclooctatriene

[129]. Meister [91] noted that the all-cis-1, 8-dimethoxyoctate-

traene affords 7, 8-dimethoxybicyclo[4. 2. O]octadiene upon heating to

120°. His suggestion that methoxyl groups were trans to one another

in the bicyclic isomer has been shown to be correct [88]. Similarly

the formation of MVII from MVIII represents a further example of

the now well known valence isomerization in the octatetraene-

cyclooctatriene-bicyclooctadiene series [17, 62, 65].
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MVII MVIII

The work of Marvell and Seubert [85] was the first to provide

firm experimental support for the presumption that the cyclization of

a linear tetraene possessing two cis-central bonds is a thermal

valence isomerization process. Their data show that the cycliza-

tion proceeds in a conrotatory manner in accord with the predictions

of the Woodward-Hoffmann rules (44).

MX

Kinetic Studies

(44)

The kinetic data for the 8Tr 6ir + 2o- electrocyclic transfor-

mations are somewhat limited. Goldfarb and Lindquist [56] showed

that photolysis of 1, 3, 5- cyclooctatriene gave all- cis -1, 3, 5, 7-

octatetraene; they were able to follow its thermal reversion to
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1, 3, 5-cyclooctatriene conveniently by the use of ultraviolet spectro-

scopy (45). The data in Table 8 show that the rate of the thermal

VI

LXXII

hv A

MIX VI

A

(45)

(46)

cyclization of MIX is ca. 109 times greater than the corresponding

reaction of cis-hexatriene LXXII. The enthalpies of activation for

the ring closure of MIX and LXXII are 17 kcal/mole and 30

kcal/mole respectively. Goldfarb suggested that this lower barrier

for closing the eight membered ring can be rationalized if one con-

siders the steric problems of conrotatory vs disrotatory processes

as the transition state is approached. Models indicate that unlike

1, cis-3, 5-hexatriene, 1, cis-3, cis-5, 7-octatraene can rotate into a

conformation that will allow p-orbital overlap with little or no angle

strain or steric interference. The greater stability of the six--as

compared to the eight-membered ring, of course, has no bearing on

the kinetics of the cyclization process.
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Huisgen et al. [67] isolated and characterized the isomeric

2, 4, 6, 8-decatetraenes MX, MXI and MXII and observed directly the

stereospecific formation of the valence isomerization products MXIII

and MXIV. These workers recently reported the detailed kinetic

MXII

MXI

MXIII

MXIV

(47)

(48)

study of all three decatetraenes [68]. The data shown in Table 8 in-

dicate that MX reacts approximately one billion times faster than

vinylogous compound VIII.

Along this same line a comparison of the first-order rate con-

stants for the thermal electrocyclic reaction relative to all-cis-

octatetraene (MIX) reveals the following:



= 10
4kk

MIX
k

MX
= 102k

MXI

= 109k Z- 109k

LXXII VIII

Conrot
CH3

65

(49)

(50)

Huisgen noted that the rate factor of 109 between MX and LXXII was

somewhat paradoxical. Since if one considers the expected geome-

tries of their respective transition states, the conservation of C2-

symmetry for the decatetraenes requires that the molecule be

oriented in a tight helical conformation. Some portion of the energy

of activation would be required to achieve this conformation. (The

effect of each cis-terminal methyl group in reducing the rate of the

conrotatory closure by a factor of ca. 102 is readily explained on

the basis of steric interactions in the helical transition state. ) In

the hexatriene vinylog the amount of angle deformation required for
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the terminal carbons to approach each other would not be expected

to account for the observed rate differences. In both the tetraene

and triene cases some delocalization energy is lost upon altering the

conjugated Tr-bonds by forming the cyclic isomer. Thus it would

appear that a consideration of only transition state geometries does

not provide a satisfactory explanation of the 109 rate difference.

The cyclization of the decatetraenes discussed above proceeds

rapidly at or below room temperature. Marvell and Seubert [86],

seeking an open chain tetraene that could be conveniently isolated,

prepared 1, 8- diphenyl- trans -1, cis-3, cis-5, trans-7-octatetraene

(IX). This crystalline compound, m. p. 191-193° , showed some-

what complex behavior upon heating to 178°. However, the authors

were able to obtain a quantitative estimate of the rate constant for

the 8Tr 6Tr + 2o- electrocyclic transformation (Table 8). Their data

indicate relative to the all- cis -1, 3, 5, 7- octatetraene the rate of ring

closure has been retarded by a factor of ca. 1011.

Summary

A survey of the data on the tetraenes (Table 8) possessing two

internal cis bonds indicates:

a) In the unsubstituted molecule ring closure to the 1, 3,5-

cyclooctatriene is a very favorable process.
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b) Trans terminal methyl groups only slightly modify the rate

of ring closure.

c) Each cis-terminal methyl group increases the enthalpy of

activation by ca. 3 kcal/mole.

d) Each trans-terminal phenyl group increases the AI-1

value by ca. 5 kcal/mole. It is noteworthy that a change of

similar magnitude was noted for the influence of phenyl

groups on the conrotatory opening of the cyclobutene ring.

Conclusions

In seeking to rationalize the rate influences observed for ther-

mal electrocyclizations more than just transition state symmetries

must be considered. Unfortunately at present there exists insuffi-

cient data to permit further delineation of structural detail for the

8Tr -- 6Tr + 20 transition state. However the magnitude of the change

in Le produced by the two phenyl groups trans on the terminal

carbons is most unexpected. Since development of conjugation with a

phenyl group in an electrocyclic transition state stabilizes the com-

plex by ca. 6 kcal/mole per phenyl (from the 4Tr 2.1r + 2o- example),

there can be little conjugation of the phenyl groups with the 8Tr tran-

sition state. This would, of course, account only for no change in

rate from the unsubstituted example. The loss in conjugation of the
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phenyl with the tetraene system in the ground state is certainly not

as large as 6 kcal/mole per phenyl. This must imply that the two

phenyl groups also exert a destabilizing effect on the transition state

by steric means. It will be necessary to obtain further experimental

data before the origin and magnitude of the steric interactions can

be clarified.



Table 8. 8ir --.- 671- + 2o- electrocyclizations.

Reaction
Temp krate AI-I* AS

Rel. Rate (°C) (sec-1) kcal/mole (e.u.) Ref.

MIX

MX

MXI

MXII

IX \ /

1. 0

1. 0

1 x 10 -2

lx 104

4 x 10-11

25

0

0

0

178

ca. 3 x 10z 17

15. 1

17.8

21.8

-

-19

-17

-12

-

56

68

68

68

86

ti = 23 sec
-a

4. 2 x 104

5.7 x 10
-6

5. 0 x 10-8

7 x 105
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DISCUSSION

Introduction

The wide variation in the rates of electrocyclic reactions ob-

served for variously substituted polyenes led us to initiate a general

study of the structure reactivity relationships for these transforma-

tions. The purpose of this part of the program was to probe the

sensitivity of the 6 7r 4ir + 2o- system to electronic effects. The

Woodward-Hoffmann rules predict the correct stereochemical out-

come but provide little detailed information about the structure of the

transition state.

The transition state for a given reaction possesses a definite

geometry and charge distribution. The nature of the transition state

will be reflected by the response of the rate to changes in the elec-

tronic and/or steric character of the molecule. In this work, we

sought to use structure-activity relationships as a probe for examin-

ing the activated complex of the cis-hexatriene-cyclohexadiene con-

version. In particular an examination of the role of electronic ef-

fects was emphasized.

In an attempt to provide useful information concerning the

sensitivity of the 6Tr--.- 4Tr + Zcr electrocyclic reaction to the presence

of polar substituents the specific objectives of this work were:
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(1) To develop a scheme of some generality for the prepara-

tion of para-substituted 1 - phenyl -1, 3, 5- hexatrienes.

(2) To prepare and characterize selected examples of these

trienes.

(3) To study in detail the thermal valence isomerization of the

trienes synthesized and to assess the sensitivity of this

reaction to electronic effects via the Hammett relation-

ship [58].

Synthesis and Structure Identification

. Synthetic Considerations

Any synthetic scheme suitable for the present work had to

satisfy two principal criteria: a) it must provide for formation of

the central cis double bond with a high degree of stereoselectivity

and b) it must utilize a reaction proceeding at low temperature in

the step which generates the triene system. Conditions which do not

allow stereomutation of double bonds must be employed throughout

the synthesis in order to avoid contamination of the product with

isomeric trienes. It must also be recognized that many of the

phenyl substituted intermediates and the final triene are vinylogs of

styrene. One could anticipate that as such they would readily under-

go polymerization.
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Tashiro and Marvell [118] developed a synthetic scheme par-

ticularly suited for producing trienes possessing a cis-central

double bond. This procedure (Figure 1) has proven to be very sat-

isfactory for preparation of a variety of trienes [100, 111, 118]. Dur-

ing the course of this work it was found that the presence of a C-1

phenyl group enormously magnified the tendency of the intermediates

in the synthesis to undergo polymerization. This heretofore unen-

countered sensitivity required some modification of the basic syn-

thetic scheme.

H2

Lindlar

CECLi +

t-BuO
DMSO

OH

p-Tsyl Cl

C.C-CH2-CH-R
I

OH

Figure 1. Synthetic scheme for preparation of trienes [118].
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The present study involved the preparation of I, II and III and

their cyclic valence isomers. This required the isolation and char-

acterization of some 31 compounds. For the most part, structural

assignments were made on the basis of spectral data and mode of

synthesis. In order to illustrate these methods the preparation of

1- phenyl -1, 3, 5-hexatriene (I) will be discussed in detail (Figure 2).

Synthesis of 1 -phenyl-1, 3, 5-hexatriene (I)

The scheme devised by Tashiro was modified to permit a

wider variation in the types of substituents on the cis-hexatriene

skeleton. Primarily this involved devising a synthesis for substi-

tuted enynes. For this purpose use was made of the elaboration of

an acetylenic bond to an enyne system via an epoxide as illustrated

by the Tashiro synthesis. Styrene oxide (MXV) was converted to

1-phenyl -3-butyn-l-ol (MXVI) by reaction with sodium acetylide in

liquid ammonia. The physical properties of the isolated material

are in agreement with those reported by Fontaine et al. [39] for

1- phenyl -3- butynol. The nmr spectrum' shows an aromatic singlet

at 7. 1 6 (5 protons), a triplet at 4. 6 6 (1 benzylic proton) an AM2X

quartet (2 methylene protons) and the acetylenic proton appears as a

1 A complete assignment of the coupling constants and chemical
shifts is given in the experimental section.
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NaCECH

Cl
MXVII

i -PrO

HO

MX VI

CH=CH-C=LC-MgBr

MXIX
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CH=CH-C-1-.CH

PC15

EtMgBr

MXVIII trans ca. 90%
MXVIII cis ca. 10%

CH=CH-CC-CH2-CH20H

MXX

MXXI

MXXIII

I

N (CH 3
)3

MXXII

KNH2 ,
liq NH3

Figure 2. Synthetic procedure for preparation of 1-(2.-X-phenyl) -1,
3, 5-hexatrienes, X = H.
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triplet at 1.8 8. No evidence for the presence of the primary alcohol

which would result from attack of the acetylide ion at the carbon

alpha to the aromatic ring could be found.

Cl

I

II

III

N.

Cl

IV

V

IV

(51)

(52)

(53)

Direct or acid catalyzed dehydration of MXVI to afford 1-

phenylbutene-3-yne (MXVIII) proved unsatisfactory due to the forma-

tion of substitution products and polymeric material. However MXVI

could readily be converted to the corresponding tosylate or chloride.
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Treatment of either of these derivatives with a 1.0 N solution of

isopropoxide ion at reflux yielded compound MXVIII. The isolated

product shows physical properties in good agreement with those pre-

viously reported for 1-phenylbuten-3-yne [95]. Gas chromato-

graphic analysis shows two peaks in a 9:1 ratio. The nmr spectrum

of this material confirms this ratio and shows that the major product

is the desired 1-phenyl-trans-1-buten-3-yne (MXVIII). The olefinic

protons of trans-MXVIII show a coupling constant of JAB = 17 cps,

the corresponding cis isomer possesses a coupling constant of-

JAB = 10 cps. In accord with this structural assignment the ultra-

vi.olet spectrum shows Xmax = 280 nm (E 39, 000).

Reaction of the lithium salt of MXVIII with ethylene oxide in

liquid ammonia afforded 6- phenyl -5- hexen -3 -ynol (MXX) in yields of

10-20%. Unlike the compounds studied by other workers [100, 111,

118], MXVIII forms mainly intractable tars in this reaction. In con-

trast, formation of the acetylenic Grignard reagent by exchange with

ethylmagnesium bromide occurred smoothly in boiling ether. Addi-

tion of ethylene oxide below the surface of the reaction mixture at 00

gave a yellow amorphous solid. Hydrolysis and work up afforded the

product in 70-75% yield. The infrared and ultraviolet spectra of the

isolated material are consistent with the assigned structure. The

characteristic nmr spectrum of this material allows an unambiguous
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structural assignment (Figure 3). Both nmr and gas chromato-

graphic data confirm the presence of < 10% of cis-MXX. That the

C-5 olefinic proton appears as an ABX 2
pair of triplets separated

by a coupling constant of JAB = 17 cps confirms the presence of a

trans double bond. It also makes it evident that the alcohol function

is at the terminal end of the carbon chain. This coupling between

the HB and H protons (Figure 3), and the absence of any signals in

the methyl region exclude the formation of appreciable amounts of

an isomeric secondary alcohol formed via rearrangement of the

epoxide. The lower boiling 6-phenyl-cis-5-hexen-3-yn-l-ol can be

readily removed by vacuum distillation at this point.

Purified 6-phenyl-trans-5-hexen-3-ynol was hydrogenated over

Lindlar catalyst, using one molar equivalent of hydrogen. Gas chro-

matographic analysis indicated that a single substance constituted 85-

90% of the product mixture. The ultraviolet spectrum shOws

X max = 284 nm (E 23,000) indicating the presence of the phenylbuta-

diene chromophore [124]. The nmr spectrum of this material (Figure

4) shows that the pair of ABX2 triplets characteristic of the acetylenic

compound are absent. Integration of the olefinic region indicates the

presence of four olefinic protons. The allylic methylene protons

(JDC =-7 JDE) now appear as multiplet approximating a quartet. These

data show that the product is 6- phenyl- 3, 5-hexadien-l-ol (MXXI).



78

Although the order of bond selectivity for catalytic reduction of un-

saturated bonds is generally expected to be

HC:=CR > R-Ca-C-R > CH2=CHR > RCH=CHR, Marvell and Tashiro

[87] have found that unless the acetylenic function is terminal in a

short conjugated system, neither the bond selectivity nor the cis

stereoselectivity of semireduction with the Lindlar catalyst is likely

to be high. However semireduction of an actylenic group conjugated

with only one double bond usually gives the desired cis-diene in bet-

ter than 85% yield.

The dienol MXXI could be converted to the corresponding

tosylate in yields of 85-90%. The progress of this reaction was con-

veniently monitored in the infrared by the disappearance of the

hydroxyl bonds and the appearance of the bands at 1330 cm 1
and

1185 cm 1 characteristic of the sulphonate ester [11, p. 364].

Direct conversion of the tosylate to the desired hexatriene

proved unsatisfactory. Polymeric material alone was obtained in-

evitably. Attempts to convert the tosylate to the corresponding

iodide in situ, followed by elimination with tert-butoxide ion simi-

larly were unsuccessful. However, addition of anhydrous trimethyl-

amine to a solution of the tosylate in collidine or acetone caused

precipitation of the corresponding quaternary trimethylammonium

salt. When this reaction is run in a sealed tube at room temperature
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conversion of MXXII to MXXIII is quantitative. The infrared spec-

trum of MXXIII shows the characteristic 1185 cm 1
band ° 2

toluenesulphonate salts [11, p. 364], while the intense 1330 cm 1
bond

of a sulphonate ester is absent. Happily N- (6- phenyl -3, 5- hexadienyl)-

N, N, N-trimethyl-ammonium 2- toluenesulphonate (MXXIII) is a stable

solid, m. p. 200-205° (dec).

Treatment of MXXIII with a dimethylsulphoxide solution of tert-

butoxide ion again afforded only polymeric material. Fortunately

elimination proceeded conveniently in liquid ammonia containing

potassium amide. The hydrocarbon product was shown by gas chro-

matographic analysis to be mainly (> 95%) a single substance. This

material, a low melting white solid gave a typical hydrocarbon in-

frared spectrum. The ultraviolet spectrum

(Xmax 308 nm e 53, 000) is that anticipated for a conjugated triene

possessing a terminal phenyl group [53, p. 175]. The nmr spec-

trum of this material consists of a series of complex multiplets all

at lower field than 5.0 5. Hydrogenation over platinum in pentane

permitted uptake of three equivalents of hydrogen and gave 1-phenyl-

n-hexane (MXXIV) [10,90]. Similar hydrogenation in ethyl acetate

yielded 1-cyclohexyl-n-hexane (MXXV) [10, 90]. Thus I must be 1-

phenyl- 1, 3, 5-hexatriene (Figure 5) (54).

The nmr data for compounds MXVIII and MXX allows
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unambiguous assignment of the trans stereochemistry of the double

bond bearing the phenyl group. The central double bond would be

expected to be cis based on previously discussed findings of Ta.shiro

[118], Polston [100] and Schatz [111]. The cis-configuration of the

central double bond is confirmed by the facile thermal valence iso-

merization which I undergoes.

As has been stressed, the methods previously used by other

workers for introducing the third double bond of the triene system

led to extensive polymer formation. An additional difficulty that had

to be overcome was that solutions of I in hydrocarbon solvents

formed only intractable tars upon heating in Pyrex ampoules. Ex-

tensive purification of the solvent, cleansing of the glassware and

recrystallization of the triene by low temperature techniques did not

improve the result of the thermal reaction.

Originally the first step in the work up of the potassium amide

elimination consisted of a hydrolysis, at pH 7 with the organic pro-

ducts being taken up in a hydrocarbon solvent. It seemed likely that

the triene was forming peroxides during the isolation procedure.

Treatment of MXXIII with potassium amide is a heterogeneous pro-

cess, and I is the only component of the reaction mixture which is

soluble in hydrocarbon solvents. Thus omission of the hydrolysis

step, addition of carefully purified oxygen-free pentane (or hexane)
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followed by evaporation of the ammonia gave a slurry. Filtration in

the absence of air afforded I as a pentane solution. The filtrate was

maintained under nitrogen and concentrated to give ca. 0.3 M solu-

tion. Heating of this material to 135-45° in pyrex ampoules pro-

duced a rearranged material which proved to be that anticipated for

the 6ir 4-rr + 2a- electrocyclic reaction (vide infra).

Summary

The modified synthetic sequence is shown in Figure 2. This

scheme should prove suitable for the preparation of a wide variety

of 1-aryl -1,3,5-hexatrienes. However, it is limited to the synthe-

sis of molecules whose substituents are inert to Grignard reagents.

Product Study

The thermal rearrangement of I was run in Pyrex ampoules.

Both the glassware and the solvent were treated to remove any

traces of acidic or peroxide-forming impurities. Aliquots of a

0.3 M solution of I in pentane were pipetted into the tubes. These

were purged with oxygen-free nitrogen, cooled to -50° and sealed.

The ampoules were immersed in an oil bath at 135-145°. Gas chro-

matographic analysis after periods of four and eight hours indicated

conversion of 68% and 91 % respectively of the triene to a new
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substance. Isolation of this new material by preparative layer chro-

matography afforded a compound which has an ultraviolet spectrum

with Xmax = 260 nm (K 4, 000).

The nmr spectrum of this material (Figure 6) consists of an

aromatic singlet 7. 2 5 (five protons), an olefinic multiplet 4.7 5

(four protons), a broad multiplet approximating a triplet 3. 5 5 (one

proton) and slightly overlapping multiplets centered at 2.3 5 (two

protons). The nmr and ultraviolet spectra are most readily accom-

modated by assigning this the 5-phenyl-I, 3-cyclohexadiene struc-

ture Heating this material to 180° with an excess of palladium

affords biphenyl which is identical to an authentic sample. This

conversion confirms the carbon skeleton of the thermal valence iso-

merization product. This cyclohexadiene also readily forms a

Diels -Alder adduct with N-phenylmaleimide.

H /Pt
H12

H2 /Pt

EtOAc

CH2(CH2)4CH3

MXXIV

CH
2

(CH
2

)
4

CH3

MXXV

(54)
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Summary

The mode of synthesis, ultraviolet and nmr spectra are con-

sistent with the formation of 1-phenyl-trans-1, cis-3, 5-hexatriene.

The facile cyclization provides confirmatory evidence for the cis-

central double bond. The initial product of cyclization has been

shown to be 5-phenyl-I, 3-cyclohexadiene, i. e. , the predicted pro-

duct for the 6 Tr - 477. + 2cr electrocyclic transformation (Figure 6).

Synthesis of 1-(p-chloropheny1-1, 3, 5-hexatriene (II)

Since one purpose of this study was to develop a general route

to para- substituted 1 -phenyl- 1, 3, 5 -hexatrienes it was desirable to

start with a readily available material. The para-substituted

acetophenones are such materials. These arylketones can be
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converted in good yield to the corresponding para-substituted styrene

oxide (see Experimental). The rate of epoxidation of the substituted

styrene was followed by observing the disappearance of the vinyl

protons in the nmr spectrum. The reaction half-life for the para-

chloro derivative is ca. 240 minutes at 12-15°.

In selecting a representative example of an electron with-

drawing group, the Para-chloro derivative was chosen with the hope

that the 1-(2.-chloropheny1)-trans-1, cis -3, 5- hexatriene could be con-

verted via a Grignard reaction to a series of substituents not direct-

ly available by the normal route, i. e. , COOH, COOR, CHO, COR,

etc.

The synthesis of the 1-(2-chloropheny1)-trans-1, cis -3, 5-

hexatriene (II) was carried out in a manner completely analogous to

that of the phenyl derivative. The thermal isomerization was car-

ried out exactly as was done with the phenyl derivative. Isolation of

the bomb contents by preparative layer chromatography showed that

the major component was a compound with Xmax = 262 nm (E 4, 500).

The nmr spectrum (cf. Figure 6) is entirely consistent with the 5-(p-

chloropheny1)-1,3-cyclohexadiene (V) structure.

When this compound is heated at 160-165° for two hours the

appearance of a new substance is detectable by gas chromatography.

After 15 hours this new peak becomes the major peak in the
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chromatogram. The new material, X max
= 303 nm, has a reten-

tion time greater than the initial cyclic isomer (V) but less than the

open chain parent compound. These data suggest that the new com-

pound is the result of a 1, 5-hydrogen shift which re-establishes the

conjugation with the aromatic ring.

Cl

V

Cl

1- Phenyl - cis -1, cis-3, 5-hexatriene III

(57)

The thermal valence isomerization of this material was car-.

ried out using a mixture consisting of 35% (I) and 65% (III). It was

found that at a reaction temperature of 195° the trans, cis-isomer (I)

has a half-life of less than 30 minutes, whereas that of III is greater

than six hours. Though the initial product from III is the same as

that from I, at reaction times approaching three hours an additional

peak appears in the gas chromatogram. The retention time of this

peak is intermediate between that of IV and III. This new substance

was isolated by preparative layer chromatography (silica gel PF254,

n-hexane, Rf 0.7) and shows Xmax 304 nm (E = 30 000). Further
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heating of this material at 195° results in the formation of third pro-

duct which displays Xmax 248 nm, i. e. , a typical styrene spectrum.

It has been reported [36] that 2-phenyl-I, 3-cyclohexadiene has a

Xmax at this wavelength.

If spectrally pure 5- phenyl- 1, 3-cyclohexadiene (IV) is heated

under identical conditions it is converted into a substance

X 303 nm (E . 30, 000), with a retention time identical with that
max

of the material of similar spectral properties discussed above.

Summary

The 1-phenyl-cis-1, cis-3, 5-hexatriene was found to undergo

a 6Tr 4Tr + 2o- electrocyclic reaction giving a product identical to

that of I. The product in both cases is 5-phenyl-I, 3-cyclohexadiene.

However, at the temperatures chosen to effect the ring closure of

III a series of 1, 5-hydrogen shifts appear to occur giving rise to

additional products.

IV

(58)
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Kinetic Results

The demonstrated sensitivity of 1- phenyl -1, 3, 5-hexatriene to

polymerization made certain precautions essential. All hydrocar-

bon solvents were carefully purified [119, p. 174] and maintained

under a nitrogen atmosphere. All Pyrex tubes were thoroughly

cleansed and heated to their softening temperature prior to use.

The pentane (or hexane) solutions of the triene to be studied

were concentrated to ca. 0.3 M, and 0. 2 ml aliquots, carefully de-

gassed, were heated in sealed tubes under nitrogen. Analysis of the

contents of each bomb was made by gas chromatography. The rate

constants obtained at various reaction temperatures for trienes I,

II and III are shown in Table 9. From these data the following acti-

vation parameters are obtained [51, p. 75, 128].

(a) 1-phenyl-trans-1, cis-3, 5-hexatriene (I)

OHS = 28. 2 kcal/mole ± . 5 kcal

AS-7 = -8 eu ± 1 eu

log A = 11

(b) 1-(E-chloropheny1)-trans- 1, cis-3, 5-hexatriene (II)

A1-1-7 = 24. 5 kcal/mole ± 0. 5 kcal/mole

AS-7 = -18 eu ± 1 eu

log A = 9. 0
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(c) 1-phenyl-cis-1, cis-3, 5-hexatriene (III)

kI
= 450

k
III

Conclusions

1-(p-X-phenyl)-trans-1, cis-3, 5-hexatrienes

The data in Table 9 show that introduction of trans terminal

methyl groups (VIII and LXXV) results in only minor changes in the

rate of valence isomerization of cis-hexatriene. One could reason-

ably suggest two explanations for this result. First the rate changes

are the result of a small rate enhancing inductive effect of the

methyl group, which is offset by a small but significant unfavorable

steric effect. A second explanation assumes that the transition

state occurs early along the reaction coordinate, i. e. , at the transi-

tion state the 6n- electron system is only slightly altered, hence the

nature of the terminal substituent would have little bearing on the

rate of the reaction.

In the case of the phenyl compound (I) product formation in-

volves loss of conjugation with the aromatic ring. Thus the simi-

larity of rate constants for compounds LXXII and I is somewhat un-

expected. However the kinetic results for I can be rationalized by

either of the two explanations given above. In the case of the phenyl
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derivative one could suggest that a sizeable favorable electronic ef-

fect is being offset by an equally large steric effect. The net result

would require a fortuitous similarity of the rate constants of LXXII,

VIII and I. Alternatively the rate values obtained for I can be ex-

plained (as they were for VIII) by suggesting that the transition state

for the 6Tr .. 4Tr + 2o- electrocyclic reaction lies closer to the open

chain hexatriene than the cyclic isomer; hence, the electronic effects

of the phenyl group play only a minor role. The results of Marvell

and Seubert [86] on a closely related system are also of interest. In

their previously discussed study of the 8Tr 6Tr + 20 electron reaction

of 1, 8-diphenyl-trans-1, cis-3, cis-5, trans-7-octatetraene (IX),

they were able to obtain an estimate of the first-order rate constant

for a competing 6Tr -- 4Tr + 2a electrocyclic process. A comparison

of the ring closure rate of (IX) (k
1

= 6 x 10-5sec-1) at 178° with

that of LXXIII indicates that the presence of a phenyl and a styryl

group in the terminal positions causes little alteration of the rate of

the 67r --- 4Tr + 2cr electrocyclic process. This relatively small rate

influence seems particularly noteworthy when one considers that pro-

duct formation requires the disruption of a totally conjugated 20 pi

electron system (59).
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(59)

A distinction between these two possible explanations discussed

above can be made through the information provided by the para-

chlorophenyl derivative. Clearly the presence of the chlorine in the

Para position can make no appreciable change in the steric require-

ments of the trans-phenyl substituent. However the electronic char-

acteristics of the aromatic system will not remain unchanged. As

the data in Table 9 show the rate constants obtained for 1-(E-chloro-

pheny1)-trans-1, cis-3, 5-hexatriene show no significant change from

those of the corresponding 1- phenyl -1, 3, 5-hexatriene.

Thus of the two explanations put forward, the first requires the

postulation of fortuitously offsetting electronic and steric effects for

each separate system. Considering the range of terminal substi-

tuents examined, i. e., methyl-methyl (VIII), phenyl-H (I), p- chloro-

phenyl-H (II) and phenyl-styryl (IX), this rationalization would

have to be considered somewhat tenuous. In contrast the explanation



Table 9. Substituent effects on rate of hexatriene isomerization.

Reaction

LXXII

VIII

LXXIII

LXXIV

LXXV

LXX VI

CH

Rel. Rate
Temp
(°C)

krate
(sec-1) Ref.

1. 0 132 5. 1 x 105 79

1.0 132 4. 5 x 10-5 84

O. 01 178 2. 2 x 105 84

3. 0 132 1. 3 x 104 100

3. 0 132 1. 3 x 104 100

0.02 174 2. 6 x 105 100

(Continued)



Table 9. Continued.

Reaction Rel. Rate
Temp krate
(°C) (sec-1) Ref.

I

II

III

i\
Cl../-,,

.,/"`-, ".----"..

Cl

-2. 0

-2. 0

125 0. 3 x 10-4
145 1. 6 x 10-4
165 7. 8 x 10-4

125 O. 4 x 10-4
145 1. 5 x 10-4
165 6. 5 x 10-4

3Ca- 195x 10 3 3. 5 x 10-5
I

. 01 178 6. 5 x 105

This work

This work

This work

86
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based on the location of the transition state along the reaction coor-

dinate readily accommodates the available kinetic data.

General Considerations

Comparison of the results of Quinkert [106] (Equation 63 and

64) with those of Huisgen [70] (Equation 60 and 61.) and Carpino [18]

(Equation 62) reveals a wide variation in reaction rate of

4Tr 2Tr + 2o- processes. That work also shows that certain systems

are capable of undergoing more than one type of electrocyclic reac-

tion.

Quinkert's results raise some interesting questions as to the

magnitude of the differences in activation energy between 4Tr-, 67r-

and 8Tr-electrocyclic processes.

Quantitative data for the energy requirements of the

4Tr 2Tr + 2o- process are limited. The hydrocarbon butadiene de-

rivatives LXV and LXVI examined by Freedman [31] have enthalpies

of activation 25 kcal/mole and 29 kcal/mole respectively. An ex-

amination of the data in Table 6 indicates that the 46,1-1-7 for ring

closure of open chain trienes is also in this range. Thus on the

basis of this data [32, 106] and stereochemical considerations it

might be anticipated that MXXVIII, MXXIX, LXV, LXVI as well as

LXVIII (64) would undergo a 6Tr 4Tr + 2cr electrocyclic process.
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LXV

CH3

125°

125°

CH3
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(65)

(66)

LX VI

Surprisingly, LXVIII remains unique, in that only it forms products

derived from a reaction other than the 4Tr 4-27r + 20- electrocyclic

process.

A review of the activation parameters for the cyclization of

linear conjugated trienes (Table 6) and tetraenes (Table 8) reveals

that the AHD for an 8Tr 67r + 2o- process is 11-14 kcal/mole

lower than that for electrocyclization of the corresponding hexa-

triene, and 3-5 kcal/mole less than carbocyclic trienes.

Thus, it would appear reasonable to state, a priori, that in a

given polyene system in which both a 67r- and an 87r-electrocyclic

process were feasible that the 8Tr . 6Tr + 2cr reaction would be favored

by several powers of ten. While this may be the case in simple
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open-chain polyenes, when the extra double bond in the longer con-

jugated system is in an aromatic ring the rule need not be expected

to hold

MVI-a

300°

MVI-b

III

170°

165°

(67)

(68)

(69)

Thus in Equations 60, 61, 62, 65 and 66, a 6ir- electrocyclic

process would require the loss of the aromaticity of a phenyl group.

This is not the case in the 4Tr 2ir + 20- reaction. Similarly, in

Equations 67-69 an 8Tr-process would involve the loss of aromaticity

of one more phenyl group than the corresponding 6Tr 4Tr + 2o-
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process.

Quinkert's results stand out like a beacon, being unusual in

two ways. The strain in the ground states for reactions 62 and 63

must be very similar. The additional phenyl group in LXVIII might

be expected to stabilize the transition state of (63) by ca. 6kcal/mole.

This does not seem large enough to account for the rate difference

apparently involved. Similarly since the present work has shown

that a trans phenyl on a terminal carbon of a triene does not alter

the rate of a 6ir 4-rr + rr electrocyclization, both NIXXDC and LXVIII

would be expected to react via that route with equal rates. Again

this does not occur. The apparent variation in the energy require-

ments of these very similar systems seems difficult to rationalize.

Electrocyclic Reactions of Unsaturated Ketenes

Introduction

Electrocyclic reactions such as the valence isomerizations of

substituted cyclobutenes and cyclohexadienes, have been shown to

be highly stereoselective. The experimental results have been

rationalized and impressively correlated by the proposals of Wood-

ward and Hoffmann based on the conservation of orbital symmetry.

Unsaturated ketenes possessing conjugated double bonds of the

proper geometry represent another class of compounds capable of



undergoing electrocyclic transformations.
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(70)

(71)

(72)

In studies carried out prior to 1960, Roberts [75] observed

that the loss of optical activity of 2, 4-dichloro-3-phenylcyclobu-

tenone in absolute ethanol was equal to the rate of ester formation.

He suggested that the loss of optical activity occurred via a prior

equilibrium between the cyclobutenone and its corresponding vinyl

ketene. Similarly Stork [117] also had suggested that a thermal

equilibrium of this type could account for the racemization of usnic

acid (MXXXI).
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Cl CO
2
Et

EtOH
(73)

/. CHC1

(74)

Barton and Quinkert [7, 8] through their pioneering studies on

the photolysis of 2, 4-cyclohexadienones established the likelihood of

a cis-ketene as the initial product. They suggested that this ketene

then could undergo ring closure to reform the dienone or alterna-

tively could isomerize to the corresponding trans-ketene which in

the presence of a nucleophile rapidly formed addition products (75).

These workers suggested that the steric requirements of the alkyl

groups controlled the position of the equilibrium between the cis and

trans ketenes and hence the actual rate of ring closure to the dienone.

Recently a variety of methylated 2, 4-cyclohexadienones have

been studied by Collins and Hart [23] (Equation 76).



00
11 R1

/CR1R2

R3
R = Alkyl

O CH

R
3

CH3

9

100

(75)

by
cis-ketene

cis--1, 2 trans-1, 2
(76)

(77)

(78)

adduct

1) 6

adduct

5

adduct

MXXXII R2 = R5 = Me, R3 = H

MXXXIII R2 = H, R3 = R5 = Me

MXXXIV R2 = R5 = H, R3 = Me

They found no compelling evidence that the trans-ketene was ever

formed. They suggested that the formation of a trans-3y:8E-dienoic

acid derivative occurred as an isomerization of the initially formed

cis-Py:OE-diene derivative.

During the time since Barton's work numerous other examples
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have appeared in the literature which lend credence to the sugges-

tion that 2, 4-cyclohexadienones can be converted in the presence of

nucleophiles to products most easily rationalized as being derived

from a photochemically generated dienylketene intermediate [2, 3, 4,

7, 8, 16, 23, 57, 93, 105]. Recently Chapman and co-workers [21]

have obtained direct evidence through infrared spectroscopy for the

formation of such ketene intermediates from 3, 4-cyclohexadienones

and cyclobutenones.

In view of the firm experimental evidence for the existence of

such ketene intermediates, Baldwin and McDaniel [4] attempted to

answer the important questions of whether the ring opening isomer-

izations of cyclobutenones and 2, 4-cyclohexadienones were stereo-

selective, what was the stereochemistry of the favored product and

to consider possible interpretations of the experimental results on

theoretical grounds. These workers examined the electrocyclic

valence isomerizations of three 4-substituted 3-phenylcyclobuten-1-

ones and three 6-acetoxy-6-methyl -2, 4-cyclohexadienones.

The thermal and photolytic ring opening reactions of the cyclo-

butenones MXXXV, MXXXVI and MXXXVII were found to be highly

stereoselective. The observed photoproduct is derived from a rota-

tion of the large substituent on C-4 in toward C- 1 during the ring

opening. The only product observed for the thermally induced ring
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opening results from rotation of the C-4 substituents in the opposite

sense. These thermal reactions may be rationalized by noting they

, CH3OH

hv, CH3OH

R'
O

(79)

MXXXV R = R1 = Cl

MXXXVI R' = CH3
R = Cl

MXXXVII R' = Cl

R = CH3

H

proceed in a manner analogous to that of 3-methyl, 1, 3-dimethyl

and 1, 4-dimethylcyclobutene. For both the alkene and alkenone

systems the product is consistent with the stereochemical mode

which minimized nonbonded steric interactions in the transition

(80)
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(81)

(82)

(83)

cleaved moves away from the other bond terminus. In contrast,

2, 4-cyclohexadienones could not be induced to undergo a thermal

electrocyclic ring opening. The only detectable thermal products

were due to other reactions.

The photolytic ring openings of both the cyclobutenones and

2, 4-cyclohexadienones were apparently highly stereoselective. How-

ever, the data are not readily rationalized and the information re-

quired to provide a satisfactory explanation for their behavior under

these conditions is not yet available [4].

In 1962 Buchi and Burgess [16] suggested that the photolysis of

2, 4, 6-cyclooctatrienone proceeded via a trienylketene. Irradiation

of MXXXVIII in methanol gave an isomeric mixture of methly

1, 3, 5-octatrienoates. Furthermore, pyrolysis at 300° led to the

formation of o-vinylphenol. These facts are conveniently
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accommodated by postulating the presence of an equilibrium between

2, 4, 6-octatrienone and the corresponding cis, cis-ketene.

767
MXXXVIII

Jf

-0
I 1

MXXXIX

Me OH

OH

---\---Methyl 1, 3, 5-octatrienoates

(84)

(85)

The photochemical behavior of the above system has been re-

examined by Chapman [6] and coworkers. They were able to observe

the formation and disappearance of the vinyl ketene MXXXIX. These

workers carried out the photolysis of 2,4,6-cyclooctatrienone at -190°.

Irradiation led to the formation of two primary products having

carbonyl absorptions at 2113 cm 1 and 1731 cm 1 respectively. The

latter compound was shown to be trans, cis, cis-2, 4, 6-cyclooctra-

trienone. The ketene absorption remained unchanged at tempera-

tures below -95°. Warming to -80° causes the ketene absorption to

disappear with concomitant increase in the absorption bands of

2, 4, 6-cyclooctatrienone, thus demonstrating that the ketene was

converted thermally to starting material. In confirmation of the



MXXXIX

0
-80°

105

(86)

earlier work a sample of the trienone MXXXVIII was irradiated in

methanol at -190° to give the ketene which could be observed spec-

troscopically. Warming converted the ketene to the ester isolated

by Buchi and Burgess [16].

Hobson [61] and coworkers employed ultraviolet spectroscopy

to monitor the thermal formation of a 2, 4-cyclohexadienone from a

photochemically generated cis-ketene. The first order rate con-

stants were measured as the rate of disappearance of MXL or MXLI.

MXL or MXLI
MXL, R = H

MXLI, R = CH3
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The authors suggested that the observed thousand fold rate enhance -.

ment for thermal cyclization of MXLI relative to MXL results from

beneficial steric influences, i. e. , the undesirable s-trans arrange-

ment is made less favorable in the trimethyl derivative. The kinetic

data, activation parameters and rates relative to cis-hexatriene

and trans-2, cis-4, trans-6-octatriene are shown in Table 10.

Discussion

The rate enhancement observed for the vinyl ketene system is

indeed striking. If we use the activation parameters of cis-

hexatriene as a reference then the enhancements of ca. 105 for MXL

and ca. le for MXLI correspond to changes in energy of activation of

ca. 9 kcal/mole and 15 kcal/mole respectively. As indicated in the

text the authors [7, 61] have suggested that since the ketenes studied

have been generated from cyclic substrates (Equations 75, 76, 84

and 87) substituents whose steric requirements favor retention of the

ring-like geometry would be expected to promote thermal cyclization.

This rate enhancement may arise from other sources also.

The steric requirements of an electron pair would be expected to be

smaller than those of a hydrogen atom bonded to carbon. Hence the

type of interaction between the terminal hydrogens that is present in

cis-hexatrienes will be reduced in dienylketene systems. This would



Table 10. Ring closure reactions of conjugated unsaturated ketenes.

Reaction

LXXII

VIII

MXL

MXLI

CN CN

CN

Rel. Rate
Temp
(°C)

krate
(sec-1)

AH
kcal/mole

AS
(e.u.) Ref.

1. 0 132 5. 5 x 105 29.3 -5 79

1.0 132 4. 5 x 105 28.6 -7 84

6x 104 22 2. 9 x 103 61

6 x 107 -77 2. 2 x 105 13.9 -3. 5 61

-50 1. 9 x 10 3

(Continued)
Pm.



Table 10. Continued.

Reaction
Temp krate OHS AS

Rel. Rate (°C) (sec-1) kcal/mole (e.u.) Ref.

MXXXIX

MXXXIX

=0

6x 108 -80 1. 5 x 104
t1 = ca. 1 hr

6

300 16
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facilitate the approach of the terminal carbons required to initiate

formation of the new sigma bond.

The carbon-carbon double bond of the ketene moiety is very

similar to that of allene, i. e. , one terminus of the olefinic linkage

is an sp hybridized carbon. Kistiakowsky, et al. [78] have demon-

strated that the C=C of an allenic system is substantially less stable

than that of other simple olefins. The heat of hydrogenation data

indicate an average destabilization energy of ca. 11 kcal/mole rela-

tive to- mono-olefins and ca. 14 kcal/mole relative to conjugated

dienes. Table 11 lists data representative of the compounds studied.

If the cyclohexadienone system is fairly well developed in the transi-

tion state then one might suggest that a major portion of this

11-14 kcal/mole will be gained. If in addition to this energy there is

a contribution from steric effects that favor ring closure then a rate

increase of 105-108 can perhaps be rationalized.

Hobsen observed that the cyclization of MXLI proceeds

nearly a thousand times faster than the corresponding reaction of

MXL. The author attributed this enhancement to the favorable

steric influences of the C-1, C-3 and C-5 methyl groups. In view of

the available data for other triene systems the assignment of a rate

enhancement of this magnitude to methyl groups in the 1,3 and 5

positions seems difficult to justify. The data in Table 6 indicate
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that alkyl substitution in positions 1 and 6 (VIII, LXXIII), 5 and 6

(LXXIV), 1,5 and 6 (LXXV, LXXVI) and also 1, 1 and 5 (LXXVII)

yield rate enhancements of about one power of ten. The effect of a

C-4 methyl would hardly be expected to exceed that of a trans -

methyl at C-1, i.e., an enhancement of ca. 3 fold. Thus it would

appear that the maximum rate enhancement due to methyl substitu-

tion at positions 1, 3 and 5 would be ca. 50 fold. At the present time

the primary cause for the observed 103 fold enhancement of MXLI

over MXL is not readily discernible.

Table 11. Heats of hydrogenation for one double bond. [78].

Substrate

CH2=C=CH2

CH2= CH2

CH -C C -CH3
3

CH3 CH3

CH2= CH -CH =CH -CH3

CH=CH-(CH2)2-CH=CH2

AHhgn

(kcal/mole)
- AHAHallene hgn.

(kcal/mole)
-41.17

-32.83 -8.34

-26.63 -14.58

-26.72 -14.45

-30. 40 -10. 77

-26.70 -14.97

A close examination of the data of Table 10 indicates that dif-

ference between the isomerization rates of cis, cis-octatetraene and
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and the trienylketene MXXXIX is substantially smaller than rate dif-

ference between cis-hexatriene and the dienylketenes MXL and MXLI.

As discussed previously the results of Marvell [85, 86],

Huisgen [68] and Goldfarb [56] concerning the 87r 6 w+ 2a- electro-

cyclic processes of conjugated tetraenes imply that the transition

state lies nearer the cyclic isomer than the open chain hydrocarbon.

For example the results of Marvell [86] and Goldfarb [56] showed

that loss of conjugation with terminal phenyl substituents retarded

the reaction by a factor of ca. 107 relative to the cis, cis-1, 3, 5, 7-

octatetraene (vide supra).

Also the data for the triene systems indicate that the transition

state for a 67r --- 4w + 2o- electrocyclic reaction lies substantially

closer to the open chain isomer than the cyclic product.

From the data of Kistiakowsky [78] one could infer that the

enhanced rates of isomerization of MXL and MXLI are due to the

presence of the ketene function. Thus the rate differences between

the ketene and hydrocarbon systems would be due to the destabiliza-

tion of the ground state by the ketene which is largely lost in the

transition state. It follows then that the very large difference be-

tween rates of the 67r 47r + 2a isomerization of linear hexatrienes

and dienylketenes implies that the transition state resembles the

the cyclohexadienone to a significant degree.
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The observed difference between the isomerization rates of

octatetraene and trienylketene is much less than the difference be-

tween hexatrienes and dienylketenes. This indicates that the transi-

tion state in the 8ir 6Tr + 2cr process does not resemble the product

as much as does the 6Tr ---.- 4Tr + 2o- transition state.

Summary

Consideration of the above information and judicious applica-

tion of Occam's razor leads one to suggest that the transition state

for the conversion of .MXL (or MXLI) to its corresponding 2, 4-

cyclohexadienone lies closer to the cyclic isomer than does the tran-

sition state for the analogous reaction of cis-1, 3, 5-hexatriene.

Similar occamistic reasoning suggests that for the trienylketene

electrocyclization the transition state has been shifted nearer the

open chain isomer than is the case for its hydrocarbon analog

cis, cis-1, 3, 5, 7-octatetraene.
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EXPERIMENTAL

All melting points and boiling points are corrected. The in-

frared spectra were obtained neat using a Beckman IR-8 spectro-

meter. The ultraviolet spectra, unless otherwise indicated, were

run on a Cary 15 spectrometer. All nmr spectra were run on a

Varian A-60 instrument. The observed chemical shifts for the dif-

ferential spectrum are given in parts per million (ppm) downfield

from tetramethylsilane (internal standard). The assignment of the

number of protons represented by a given signal is based on the

relative areas observed in the integral spectrum. Analytical gas

chromatographic studies were carried out using a Varian 204-B

instrument (hydrogen flame detector). The specific conditions used

are indicated below. Refractive indices were obtained using a Zeiss,

water circulating, refractometer.

All solvents employed were dried and distilled prior to use.

Additional precautions were taken to exclude atmospheric oxygen

and peroxide forming materials from the hydrocarbon solvents em-

ployed [119, p. 173-174].
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Preparation of 1-Pheny1-1, 3, 5-hexatriene

1- Phenyl -3 -butyn- 1 - ol (MXVI)

This alcohol was prepared according to the method of Jacobs

[74, p. 48]. A mixture of sodamide in liquid ammonia was formed

by the reaction of 5. 0 g (0. 022 g-atom) of sodium, 300 ml of liquid

ammonia and 0. 07 g of iron (III) nitrate. Sodium acetylide was pre-

pared by passing acetylene beneath the surface of the reaction mix-

ture for 3-5 hr. A solution of styrene oxide (12.8 g, 0. 11 mole) in

50 ml of dry ether was added and the reaction mixture stirred 24 hr.

The ammonia was allowed to evaporate, 100 ml of dry ether added

to the residue and the excess sodamide destroyed by the addition of

ammonium chloride. The residual salts were taken up in ca. 200 ml

of water. The organic layer was separated and dried over sodium

sulphate. Removal of the solvent and distillation of the residue

yielded MXVI as a colorless liquid, 11. 2 g (73%), by 72.5-75. 5°

-(0. 25 mm), nD27
v= 1. 5430, 3420 and 1100 cm 1 (-OH), 3050 cm 1

(=CH), 3250 cm 1 (s) (=C-H), 2120 cm 1 (w) (-CEEC-), 750 and

690 cm 1 (monosubstituted Ph); nmr (25% w/w in CC1
4)

5: 1.85

(1 H, t, J = 3 cps, -1-C-H); 2. 40 (2 H, d of d, J = 7 and J = 3 cps,

-CH2-); 4. 57 (1 H, t, J = 7 cps, Ar-C-H); 7. 15 (5 H, s, Ph), vari-

able (1 H, s, -OH).
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The previously reported physical constants [39] are: by 85°
20(0.5 mm), n = 1.5472.
D

The butynol (MXVI) was converted directly to the correspond-

ing chloride in the following manner. 1- Phenyl -3 - butynol (7. 5 g,

0. 05 mole) was added dropwise to 11. g (0. 056 mole) of phosphor-

ous pentachloride. During the addition the temperature was not

allowed to exceed 35°. The reaction mixture was vigorously stirred

and slowly warmed to 90°. The resulting clear yellow solution was

cooled to 0° and carefully hydrolysed with ice. The organic layer

was taken up in ether, the aqueous portion extracted three times

with 50 ml portions of ether. The ether extracts were combined,

washed successively with distilled water, dilute sodium bicarbonate

and dried over potassium carbonate. Removal of the solvent in

vacuo afforded the chloride, 8. 0 g (94%), by 37-39 (. 005 mm),
22 - -1nD = 1. 5480, positive Beilstein test, v 3300 cm (s) ( =CH),

3050 cm 1 (=CH), 2120 cm 1 1(- C =C -), 750 and 695 cm (monosub-

stitutedstituted Ph), 715 cm (b) (C-C1); nmr (20% w/w CC1 4)
5: 1.9 (1 H,

5, J = 3 cps, =C-H), 2.85 (2 H, q, J = 7 cps and 3 cps, -CH2-),

4. 82 (1 H, t, J = 7 cps, Ar-C-H), 7. 20 (5 H, m, Ph).

The previously reported physical constants are [5, 98]; by 78°

20(3 mm), nD 1.5550.
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1- Phenyl- 1 -buten- 3 - yne (MXVIII)

The chloride of MXVI (11. 6 g, 0. 07 mole) was added to 150 ml

of 1. 0 N isopropoxide in isopropyl alcohol and the solution was

heated at reflux for 5 hr. A white solid began to precipitate immed-

iately. The reaction mixture was cooled to 0°, 75 ml of pentane was

added followed by sufficient water to achieve separation of the layers.

The organic portion was isolated and dried over potassium carbon-

ate. Removal of the solvent, in vacuo and distillation of the residue

yielded MXVIII as a colorless liquid, 5. 4 g (60%), by 35-37°

(0. 25 mm), n26 = 1. 6030, Xmax (EtOH) 282 nm (E 30, 000),
D

17 3300 cm 1 1(s) (=C-H), 3050 (=C-H), 2120 cm (w)

-950 cm 1 1(trans-alkene), 725 and 695 cm (monosubstituted Ph).

The nmr spectrum of trans-MXVIII (25% w/w CC14) showed signals

(ppm) at: 2. 91 (1 H, d, J = 3 cps, =C-H), 6. 00 (1 H, d of d,

J = 18 and J = 3 cps, =C-H), 6. 90 (1 H, d, J = 18 cps, H-C=),

7. 2 (5 H, m, phenyl). The presence of less than 10% of cis-MXVIII is

indicated by signals (ppm) at: 3. 25 (1 H, d, J = 3 cps, =C-H),

5. 60 (1 H, d of d, J = 12 and 3 cps, =C-H) and 6. 65 (1 H, d,

J = 12 cps, Ar-CH=).

The previously reported physical constants [95] are: by 56-60°

(5 mm), n21 1. 6068, Xmax 288 nm (e 20, 000), v 3280, 2080 and

956 cm- 1
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Gas chromatography (4% ucon polar on chromosorb G,

10' x 1/8" column, oven temperature 145°, confirms the presence of

two substances in 9:1 ratio retention times 6 min and 7 min respectively.

6-Phenyl-5-hexen- 3 -yn- l - ol(MXX)

This reaction was run under a dry nitrogen atmosphere. Ethyl-

magnesium bromide was prepared [107, p.198] from 3.6 g (0.15 g-atom)

of magnesium turnings, 15 g (0.14 mole) of bromoethane and 200 ml of

of dry ether. A solution containing 12.8 g (0.10 mole) of MXVIII in
-

50 ml of dry ether was added dropwise to the reaction mixture. The

resulting solution was maintained at reflux until ethane was no longer

evolved as indicated by a gas bubbler tube. The acetylenic Grignard

reagent separated as a dark oil when the solution was cooled to 0°. At

this temperature ethylene oxide (1.5 equivalent) in 10 ml of ether was

added beneath the surface of the reaction mixture. The resulting yel-

low slurry was stirred 6 hours at 5-10°. After addition of 25 ml of

dilute sulfuric acid, the organic layer was separated, washed with di-

lute sodium bicarbonate, and dried over potassium carbonate. Re-

moval of the solvent and distillation gave a colorless liquid that

solidified below room temperature, 11.3 g (66%), by 98-101° (0.005

1mm); Xmax (EtOH) 284 nm (E 30,000); D. 3600 and 1050 cm- (primary

-OH), 2210 cm 1
(w) (-CF-C-), 950 cm

1 (trans olefin), 725 and
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695 cm-1 (monosubstituted Ph); nmr (10% w/w CC1
4) 6: 2.6 (2 H, t

of d, J = 3 and J = 6 cps, -CH2-), 3.7 (2 H, t, J = 6 cps, - CH2O),

5.9 (1 H, d of t, J = 16 and J = 3 cps, =CH), 6.8 (1 H, d, J = 16 cps,

H-C=), 7. 1 (5 H, s, Ph) (Figure 3).

Anal. calcd. for C12 H12 0: C, 83. 69; H, 7.02. Found: C,

83.80; H, 7.20.

6- Phenyl -3, 5-hexadieno1-1 (MXXI)

A mixture consisting of 0.2 g of Lindlar catalyst [80], ca.

10 mg of synthetic quinoline and 15 ml of ethyl acetate was saturated

with hydrogen at ambient pressure. A solution of MXX (11.3 g,

0.064 mole) in 20 ml of ethyl acetate was introduced and the hydrogen

uptake followed until one equivalent has been absorbed. The catalyst

was removed by filtration, the organic portion washed with dilute

phosphoric acid, and dried over sodium sulfate. Following removal

of the solvent in vacuo, distillation yielded MXXI, 9.5 g (82%); by 99-

100° (0. 005 mm); Xmax (EtOH) 280 nrn ( 23, 000); v 3400 and 1050 cml

(-OH), 3050 cm 1 1(=C-H), 960 cm (trans olefin), 730 and 695 cm 1

(monosubstituted Ph); nmr (15% CC14) 6: 2.4 (2 H, q, J = 7 cps,

-CH2-), 3. 5 (2 H, t, J = 7 cps, - CH2O -), 6.9-5.5 (4 H, m, =CH),

7. 3 (5 H, m, phenyl), variable (1 H, s, -OH) (Figure 4).
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Anal. calcd. for C12 14 .H 0 C, 82. 72; H, 8. 10. Found: C,

82. 58; H. 7. 93.

The hexadienol (MXXI) was converted to the corresponding

p-toluenesulphonate in the following manner. A solution of 5. 4 g

(0. 028 mole) of R-toluenesulfonyl chloride in 4. 5 g of collidine was

cooled to 0°. To the resultant slurry was slowly added 4.5 g

(0.026 mole) of MXXI in 4.5 g of collidine. The reaction mixture was

stirred under an oxygen-free nitrogen atmosphere at 0° for 20-30 hr.

Twenty milliters of water was added at 5° and the organic layer

taken up in ether. The ether extracts were combined, washed suc-

cessively with distilled water, dilute phosphoric acid, dilute sodium

bicarbonate and again with distilled water. The ether solution was

dried (potassium carbonate) and the solvent was evaporated giving

7. 7 g (90%) of crude tosylate, Xmax (EtOH) 282 nm (E 19, 000);

v 3050 cm 1 (=CH), 1330 and 1185 cm 1 (s) (sulphonate ester),

960 cm- 1 (trans alkene), 725 and 695 cm 1 (monosubstituted phenyl). ,

No attempt was made to purify the product, but it was used directly

in the next reaction.

N, N, N- trimethyl -N -(6- phenyl -3, 5- hexadienyl)- ammonium
P- Toluenesulphonate (MXXIII)

A solution of 13. 0 g (. 04 mole) of the tosylate MXXII in 10 ml

of dry acetone (or collidine) was pipetted into three Pyrex tubes.
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Each was filled to one-fourth capacity then cooled in a dry-ice bath.

An equivalent volume of anhydrous trimethylamine was added and the

tube sealed. The above operations were carried out with scrupulous

exclusion of atmospheric moisture and oxygen. The quaternary salt

begins to precipitate immediately at room temperature and the reac-

tion is complete in less than 6 hr. The cream colored hygroscopic

solid was isolated by vacuum filtration, 15. 5 g (ca. 100%), mp 200-

205° (dec); Xmax (90% EtOH) 280 nm (E16, 000) (Beckman DB);

v 3050 cm 1 (=CH), 1185 cm 1 (s) (sulphonate salt), 960 cm 1 (trans

alkene), 695 cm 1 (monosubstituted phenyl).

Anal. calcd. for C 22H 29 NSO3:
C, 68. 20; H, 7. 54. Found: C,

68. 08; H, 7. 44.

1- Phenyl -1, 3, 5-hexatriene (I)

This reaction requires thorough exclusion of atmospheric oxy-

gen. A suspension of potassium amide in liquid ammonia was pre-

pared from 0. 7 g (0. 018 g-atom) of potassium metal, 0. 1 g iron(III)

nitrate and 700 ml of liquid ammonia. To this was added 2. 3 g

(6 mmole) of MXXIII as a slurry in 5. 0 ml of dry pentane. Stirring

was continued 2. 5-3. 0 hr, after which time 6. 0 g (0. 11 mole) of

ammonium chloride was added. The ammonia was allowed to evapo-

rate over a 10 hr period. Pentane was added at intervals in order to
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maintain a reaction volume of ca. 200 ml. The resultant slurry was

filtered under nitrogen into a vessel shielded from direct irradia-

tion. Removal of the solvent afforded I, 600 mg (64%);
Xmax

(cyclohexane) 308 nm (E 53, 000); C 3100-3050 cm 1 (=CH), 1625 cm-1

(-C=C-), 960 cm-1 (trans olefin), 725 and 695 cm-1 (monosubsti-

tuted phenyl); nmr (15% CC14) 6: 5. 00-7. 15 (multiplets, =CH) and

7. 20 (m, Ph) (Figure 5). The low melting white solid rapidly forms

an intractable oil upon exposure to the air.

Anal. calcd. for C12H12: C, 92. 26; H, 7.74. Found: C,

92. 13; H, 7. 56.

n-Hexylbenzene (MXXIV)

The triene I (100 mg, 0. 64 mmole) was hydrogenated over

Adam's catalyst (platinum oxide) in pentane. Isolation of the product

by preparative layer chromatography (silica gel PF254, pentane,
25Rf = 0.80) yielded a colorless liquid, ca. 70 mg (68%), riD = 1.4835,

1. 4848. The reported value [10, 90] is nD20 = 1. 4866.

The nmr spectrum (10% CC14) of this material showed sig-

nals (ppm) at: 0.91 (3 H, m, CH3), 1. 30 (8 H, m, CH2), 2.60(2 H,

m, Ph-CH2), 7. 04 (5 H, s, Ph).
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1- C clohex 1-n-hexane (MXXV)

Hydrogenation of 400 mg (2. 56 m mole) of I over Adam's

catalyst in ethyl acetate and isolation of the product by preparative

layer chromatography (silica get PF254, pentane, Rf = 0. 90) gave a
-1

colorless liquid, ca. 300 mg (75%), nD20 = 1. 4473, 17 2850-2970 cm

(aliphatic C-H) and 1450 cm-1 (aliphatic CH). Values of

nD
20 = 1. 4469 and nD = 1. 4471 have been reported [10, 90].

The nmr spectrum (25% CC14) showed signals (ppm) at: 0. 5-

1. 9 (m, aliphatic CH) 1. 2 (s, alicyclic C-H).

5- Phenyl -1, 3-cyclohexadiene (IV)

The pentane filtrate of the elimination reaction was concen-

trated to give a solution ca. 5% (w/w) of I. Aliquots of this were

placed in sealed tubes The Pyrex tubing employed was cleansed

thoroughly with alkaline detergent, washed successively with dis-

tilled water and dilute ammonium hydroxide. Immediately prior to use

the tubes were heated to their softening temperature and cooled under

nitrogen. The ampoules were heated 20 hr at 145-55°. Isolation of

the bomb contents by preparative layer chromatography (silica gel

PF254, n-hexane, 2 elutions) afforded a colorless liquid as the

major product, Rf = 0.85, kmax (cyclohexane) 260 nm (E 4, 000);

nmr (25% CC1 4) 6: 2.30 (1 H, m, -CH-), 2. 41 (1 H, m, -C-H),
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3. 52 (1 H, t of m, J = 3, Ph-CH), 4. 7 (4 H, m, =CH) and 7. 2 (5 H,

s, Ph) (Figure 6).

Anal. calcd. for Ci2H12: C, 92. 26; H, 7.74. Found: C,

92. 15; H, 7. 74.

The cyclohexadiene IV was connected to biphenyl according to

the method of Edmunds and Johnstone [34]. 5- Phenyl -1, 3-cyclo-

hexadiene 23. 4 mg, (0. 15 m mole) and 234. 0 mg of 10% palladium on

charcoal were heated 20 min at 180° in an evacuated Pyrex tube.

The tube was cooled to room temperature and 20 ml of ether added.

The Palladium-carbon residue was removed by filtration. Concen-

tration of the filtrate to dryness afforded a white solid, 22 mg (93%),

(cyclohexane) 248 nm (E 14, 000) (Beckman DB).mp 67-68°, Xmax

The reported physical properties of biphenyl [53, p. 142] are:

(EtOH) 250 nm, Xmax (n-hexane) 246 nm (e 20, 000).mp 69-70°, Xmax

The above material and an authentic sample of biphenyl showed

identical Rf values (silica gel PF254, pentane, Rf = 0. 55) upon

analysis by thin layer chromatography. With the exception of the

presence of a minor peak at 1750 cm 1 the infrared spectrum of the

prepared material was superimposable upon that of an authentic sam-

ple of biphenyl.
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Preparation of 1-(R-Chloropheny1)- 1, 3, 5-hexatriene

0.- (27 Chlorophenyl)ethanol (MXLII)

This compound was prepared according to the method of

Nystrom and Brown [94]. To a mixture of 3. 5 g (0. 08 mole) of

lithium aluminum hydride in 50 ml of ethyl ether was added 3. 5 g

(. 02 mole) of 2.-chloroacetophenone. The reaction mixture was

heated under reflux for 2 hr. Excess hydride was destroyed by

cautious addition of 50 ml of distilled water, followed by 150 ml of

dilute sulphuric acid. The organic layer was separated, washed

with water and dried over magnesium sulfate. Removal of the sol-

vent and distillation of the residue yielded a colorless liquid, 23.8 g

(67%), by 76-78° (O. 45 mm), n22 = 1. 5418; 17 3550 and 1085 cm 1

(-OH), 3050 cm-1 (=CH), 820 cm-1 (1, 4 disubstituted Ph); nmr (25%

CC14) 6: 1. 30 (3 H, d, J = 6 cps, CH
3

)' 4. 60 (1 H, q, J = 6 cps,

AR-C-H), 7. 18 (4 H, s, aromatic).

The physical constants reported for this compound [82] are:

nD
20 = 1. 5420, by 81-86° (1 mm).

R- Chlo r o s tyr e ne (MXLIII)

This compound was prepared according to the directions of

Overberger and Saunders [96]. Powdered fused potassium acid
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sulfate (18 g, 0. 13 mole), and 0. 1 g of E -tert. -butylcatechol were

placed in a 500 ml three-necked flask. The reaction flask was im-

mersed in an oil bath at 225° and 201 g (1.3 mole) of MXLII contain-

ing 0. 1 g of 2-tert. -butyl-catechol was added dropwise. The system

was evacuated to ca. 125 mm, and the addition rate was regulated so

that a vapor temperature of 110- 120° was maintained at the distilla-

tion head. At the conclusion of the reaction 100 ml of ethyl ether was

added to the distillate, the organic layer was separated and dried

over magnesium sulfate. Removal of the solvent gave MXLIII suffi-

ciently pure for use in the succeeding reactions, 159 g (89%),
24nD = 1. 5428; ; 3050 cm 1 (=CH), 830 cm 1 (1, 4-disubstituted

phenyl); nmr (25% CC14) 8: 7. 30 (4 H, s, aromatic), 6. 9 (1 H, d of

d, J = 18 and J = 11 cps, H-C=C), 5. 60 (1 H, d of d, J = 18 and

J = 2 cps, C=C-H), 5. 20 (1 H, d of d, J = 11 and J = 2 cps, C=C-H).

This is in agreement with the reported spectrum [12].

The physical constants previously reported are [82, 96]:

nD
20 = 1. 5434 and nD20

= 1. 5429.

p_-Chlorostyrene Oxide (MXLIV)

This compound was prepared according to the method of Reif

and House [109]. A solution of 2-chlorostyrene (187 g, 1.3 moles)

in 2100 ml methylene chloride was cooled to 0°. Peracetic acid
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(2. 0 moles) in acetic acid containing 20 g of sodium acetate trihy-

drate was added dropwise over 1 hr. The reaction mixture was

stirred at 10-12° and the progress of the reaction followed by disap-

pearance of the vinylic protons in the nmr spectrum of E- chlo ro -

styrene (t1 z- 7 hr at 10-12°). After ca. 30 hr, 1. 5 1 of water was

added and the organic material isolated [109]. Removal of the sol-

vent and distillation yielded a colorless liquid, 125 g (60%), by 54-

56° (0. 3 mm), nD21 = 1. 5510; 17 3050 cm 1 (=CH), 1400-1500 cm 1

0\
(C=C), 875 and 1265 cm- (-d-C-), 830 cm 1 (1, 4 disubstituted Ph);

O
nmr (25% CC14) 6: 2.60 (1 H, d of d, J = 6 and J = 3 cps, Ar-,--=-H),

2. 95 (1 H, d of d, J = 6 and 4 cps, A
H

J = 4 and 3 cps, 7.20 (4 H, s, aromatic).

), 3. 65 (1 H, d of d,

The previously reported physical constants [113] are: by 108°

(13 mm), by 82-86° (4. 1 mm), n20 = 1.5541.

1-(a- Chloropheny1)-3-butynol (MXLV)

This compound was prepared in the same manner as the phenyl

analog (MXVI). An ether solution of E-chlorostyrene oxide (79 g,

0. 51 mole) was added to a reaction mixture containing sodium

acetylide, prepared from 27 g (1. 17 g-atom) of sodium in 1. 5 1 liquid

ammonia and excess of acetylene. Workup in the manner of MXVI

and distillation gave a colorless liquid which solidifies below room
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temperature, 64 g (65%), by 78-80° (0. 2 mm), mp 30-32°; ; 3590

and 1060 cm 1 (-OH), 3300 cm 1 (s) (C-H), 3050 cm 1 (=CH), 2120

(w) (-CEC-), 830 cm-1 (1, 4-disubstituted Ph); nmr (20% CC14) 6:

1. 90 (1 H, t, J = 3 cps, SC-H), 2. 55 (2 H, d of d, J = 6 and J = 3 cps,

-CH2-), 4. 60 (1 H, t, J = 6 cps, Ar-CH), 7. 15 (4 H, s, aromatic),

variable (1 H, s, -OH).

Anal. calcd. for C
10

H
9

C10: C, 66. 48; H, 5. 01. Found: C,

66. 33; H, 5. 10.

The butynol. (MXLV) was converted directly to the correspond-

ing chloride as follows: A solution of 11. 0 g (0. 061 mole) of the

alcohol in 10. 0 ml of dry pyridine was cooled to 10°. A solution of

phosphorous oxychloride (22.8 g, 0. 15 mole) in 20 ml of pyridine

was added dropwise at ca. 15°. The mixture was heated at 50° until

a clear yellow solution resulted. The reaction mixture was care-

fully hydrolysed with ice and the organic layer was taken up in ethyl

ether. The ether extracts were washed successively with dilute

phosphoric acid, dilute sodium bicarbonate and distilled water. The

organic portion was dried over magnesium sulphate. Removal of the

solvent yielded the chloride, 9.5 g (77%); ; 3300 cm-1 (SC-H),

3050 cm 1 ( =CH), 830 cm 1 (1, 4-disubstituted Ph); nmr (10% CC1
4)

5:

1. 90 (1 H, t, J= 3 cps, ECH), 2.85 (2 H, d of d, J= 6 and J= 3 cps,

-CH2-), 4.85 (1 H, t, J = 6 cps, Ar-CH), 7. 20 (4 H, m, aromatic).
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No attempt was made to purify the chloride, but it was used

directly in the succeeding reaction.

1- (2- Chloropheny1)- 1 -buten-3 -yne (MXLVI)

This compound was prepared in the same manner as the phenyl de -

rivative MXVIII. Eight grams (0.04 mole) of the chloride of MXLV we re

boiled 4 hr in 150 ml of isopropanol solution 1 N in isopropoxide . The

twice sublimed product showed by (65.5-66.5 ( 5 x 103 mm), mp 51-53°,
-1kmax (EtOH) 283 nm (E 39, 000) (Beckman DB); v 3250 cm (=C-H),

2120 cm -1
(- C =C -), 950 cm-1 (trans-alkene), 855 cm (1, 4- disub-

stitutedstituted Ph); nmr (20% CC14) 6: 3. 00 (1 H, d, J = 3 cps, =-C-H),

5. 85 (1 H, d of d, J = 17 and 3 cps, =C-H), 6.80 (1 H, d, J = 17 cps,

Ar-CH=) and 7. 10 (4 H, s, aromatic). The presence of 10% of cis-

MXLVI was indicated by signals at: 3. 26 (1 H, d, J = 3 cps, =C-H),

5. 57 (1 H, d of d, J = 12 and 3 cps, =C-H) and 6.50 (1 H, d,

J = 12 cps, Ar-CH=).

Anal. calcd. for CioH7C1: C, 73. 86; H, 4. 34. Found: C,

73. 68; H, 4. 29.

6- (2- Chloropheny1)- 5-hexen- 3 - yn- 1 -ol (MXLVII)

This compound was prepared in the same manner as the phenyl

analog MXX. An ether solution of MXLVI (5.4 g 0.036 mole ) was added
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to a solution of 6.7 g (0. 05 mole) of ethylmagnesium bromide in

200 ml of ether. The solution was heated at reflux for 5 hr. After

cooling to 0°, ca. 3.3 ml (.05 mole) of ethylene oxide was added be-

low the surface of the reaction mixture. The product was isolated as

described in the earlier example. A small amount of n-butyl alcohol

was removed by distillation. The higher boiling fraction, a yellow

solid, was sublimed to give a white solid, mp 93-95°,
)s

285 nmmax
(E 30,000) (Beckman DB); v 3590 and 1050 cm 1 (-OH), 3050 cm-1

-1 -1(=CH), 2950 cm (-CH2), 810 cm (1, 4- disubstituted Ph), positive

Beilstein test for halogen.

The nxnr spectrum (10% CC14) shows signals at 6: 2.70 (2 H, t

of d, J = 6 and 3 cps, -CH2-), 3.80 (2 H, t, J = 6 cps, - CH2O -),

6. 10 (1 H, d of t, J = 17 and J = 3 cps, =CH), 6.80 (1 H, d,

J = 17 cps, Ar-CH=), 7.20 (4 H, s, aromatic) and variable (1 H, s,

-OH) (cf. Figure 3).

Anal. calcd. for C
12

H
11

C10: C, 69,74; H, 5.37. Found: C,

69.93; H, 5.39.

6- (2.-Chloropheny1)-3,5-hexadienol (MXLVIII)

The material was prepared in the same manner as the phenyl

derivative MXXI. A solution of MXLVII (1.4 g, 6.5 mmole), 0.2 ml of

synthetic quinoline and 15 ml of ethyl acetate was added to a mixture
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of 0. 2 g of Lindlar catalyst [80] and 10 ml of ethyl acetate. The ab-

sorption of one molar equivalent of hydrogen required 1.5 hr. The

product was sublimed to give, 1. 1 g (79%), mp 94-96°; i"; 3050 cm-1

-1 -1(=CH), 940 cm (trans-alkene), 810 and 860 cm (1, 4-disubstituted

Ph), a positive Beilstein test for halogen; nmr (10% CC14) 6: 2. 60

(2 H, q, J = 7 cps, -CH2- ), 3. 60 (2 H, t, J = 7 cps, -CH20-),

5. 20-7. 1 (4 H, m, =CH), 7. 20 (4 H, s, aromatic) and variable (1 H,

s, -OH) (cf. Figure 4).

Anal. calcd. for C
12

H
13

C10: C, 69. 06; H, 6. 28. Found: C,

69. 01; H, 6. 25.

The hexadienol was converted to the corresponding E-toluene-

sulphonate as follows: A solution of MXLVIII (1. 1 g, 5.3 mmole) in

5 ml of dry collidine was added at 0° to a slurry consisting of 1. 7 g

(8. 7 mmole) of E-toluenesulfonyl chloride and 10 ml of dry collidine.

The mixture was stirred for 24 hr at 0°. Work up in the usual man-

ner afforded the product, 1. 6 g (85%); i; 3050 cm 1 (=CH), 2950 cm-1

(CH2), 1330 and 1185 cm-1 (sulphonate ester). The crude product

was used directly in the next step.

N, N, N-Trimethyl-N-(E-chloropheny1-3, 5-hexadienyl)ammonium

R Toluenesulphonate (MXLVIX)

This material was prepared according to the procedure de-

scribed for the phenyl analog (MXXIII). A solution containing 1. 6 g
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(4. 5 mmol) of the tosylate of (MXLVIII) in 8 g of collidine was divided

among three pyrex tubes. A molar excess of anhydrous trimethyl-

amine was added to each tube prior to sealing. Atmospheric oxygen

and moisture were carefully excluded at all times. A white precipi-

tate is visible after ca. 10 min at room temperature and the reac-

tion appears to be complete after ca. 6 hr. The white granular pre-

cipitate was isolated by filtration, 1.8 g (ca. 100%), mp 181-88°

(dec). The infrared spectrum indicated loss of the 1330 cm-1 (sul-

phonate ester) bond and retention of the 1185 cm 1

anion) band.

(sulphonic acid

Anal. calcd. for C22H
28

C1NO3S: C, 62. 62; H, 6. 69. Found:

C, 62. 48; H, 6. 76.

1-(E- Chloropheny1)- 1, 3, 5-hexatriene (II)

This material was prepared as described for the phenyl analog

(I). Potassium amide was prepared from 250 mg (6. 25 mg-atoms)

of potassium, 30 mg iron(III) nitrate and 500 ml liquid ammonia.

The mixture was stirred 3 hr before 1. 3 g (3. 1 mmole) of MXLVIX

was added as a slurry in pentane. The reaction mixture was stirred

an additional 3 hr after which time 5. 4 g (0. 1 mole) of ammonium

chloride was added. Isolation of the product in same manner as I

gave a solid, mp 25-28°,
Xmax 317 nm (E 53, 000), X 237 nm;
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i,- 3050 (=CH), 960 cm -1 1(trans-alkene), 860 cm (1, 4-disubstituted

Ph), positive Beilstein test. Upon exposure to the air the white solid

rapidly forms a yellow, pentane insoluble solid.

The nmr spectrum (15% CC14) showed signals (ppm) at: 5. 1-

6. 9 (complex multiplets, =CH) and 7. 25 (d, J = 1 cps, aromatic)

(Figure 7).

Anal. calcd. for C
12

H
11

Cl: C, 75. 59; H, 5. 82. Found: C,

; H,

5- (2.- Chloropheny1)- 1, 3- cyclohexadiene ( V)

The thermal isomerization was run in a manner identical to

that used for the hydrocarbon analog (I). A pentane solution contain-

ing 50-60 mg (ca. 0.3 mmole) of II was heated in a sealed ampoule

at 150° for 6 hr. Isolation of the major component of the reaction by

preparative layer chromatography (silica gel PF254, pentane, two

elutions, Rf 0.82) afforded V (ca. 85%), Xmax 252 nm (e 4, 900),

3050 cm 1 (s) (=CH), 2800-2950 cm 1 (-CH2-), 820 cm 1 (1, 4-disub-

stituted Ph); positive Beilstein test; nmr (25% CC14) 64: 2. 40 (2, H,

m, -CH2-), 3. 50 (1 H, broad t, Ar-CH-), 5.80 (4 H, m, =CH), 7. 15

(4 H, s, aromatic) (cf. Figure 6).

Anal. calcd. for C
12

H
11

Cl: C, 75. 59; H, 5. 82. Found: C,

75. 72; H, 5. 77.
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Kinetic Studies

The demonstrated sensitivity of the trienes toward polymeriza-

tion made certain precautions essential. The hydrocarbon solvent

(pentane or hexane) was purified in the standard manner [119, p. 174]

and distilled. The distillate was maintained under a nitrogen atmos-

phere at all times. The Pyrex tubes used to prepare the ampoules

were cleansed with alkaline detergent, rinsed with dilute ammonium

hydroxide and dried at 110°. Immediately prior to use the tubes

were heated to their softening temperature and cooled under nitrogen.

A stock solution ca. 0. 3 M (90% pure) of the triene to be studied was

prepared. An aliquot (2. 0 ml) of this solution was placed in each

tube. The tubes were then sealed and immersed in a thermostatted

oil bath for the desired length of time.

The contents of each bomb were analyzed by gas chromatog-

raphy (Varian 204-B, hydrogen-flame detector, 4% ucon polar on

chromosorb G 70/80 mesh, AW DMCS, oven temperature 130°,

Helium flow rate 25 ml/min). Prior to analysis 0. 1 ml of a refer-

ence decalin solution was added. The areas of the observed peaks

were expressed as ratios relative to that of the decalin peak (all peak

areas were determined by a Disc chart integrator, model 224).

Using the conditions outlined above, the retention times observed

were: 1-phenyl-trans-1,cis-3,5-hexatriene, 13 min; 1-phenyl -cis-
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1, cis-3, 5-hexatriene, 16 min; 5-phenyl-I, 3- cyclohexadiene,

4. 5 min, 1- phenyl -1, 3-cyclohexadiene, 9 min. The oven tempera-

ture was increased to 145° for the a- chloro derivative, the retention

times were: 1- (2.- chloropheny1)-trans - 1, cis-3, 5-hexatriene, 15 min;

5- (E- chloropheny1)-1, 3 -cyclohexadiene, 9. 5 min; 1- (E-chloropheny1)-

1, 3-cyclohexadiene, 12 min. The data obtained are shown in Figures

8, 9, 10 and 11.
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Figure 3. Nuclear magnetic resonance spectrum of 6-phenyl-5-hexen-3-yn-l-ol (MXX).
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Figure 5. Nuclear magnetic resonance spectrum of l-phenyl-1, 3, 5-hexatriene (I).
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Figure 6. Nuclear magnetic resonance spectrum of 5-phenyl- l, 3-cyclohexadiene (IV).



7.0

,.....I.

6.0
- r -

SA 4.0 3.0 1.0 PPM (
- -

I1g FFFFFFFFFFF 111-,,1111,11.T, F1000

500

210

110

50

400 300 200
)-H*

0 CPS

Figure 7. Nuclear magnetic resonance spectrum of l-(2.-chloropheny1)-1, 3, 5-hexatriene (II).
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Figure 8. Plot of logarithm of (triene)/(standard) vs time (hr) for
the electrocyclization of I (3) and II (A) at 125°.
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